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Executive Summary

The responses of rigid pavements are influenced by three majorsfa(i) structural, (i)
loading, and (iii) environmental. However, the interaction betweesettfactors cannot be
directly addressed by the current AASHTO 1993 design method. &pastrsummarizes the
preliminary findings of a two-year project to study rigid @anent response due to the variations
in the above mentioned factors. The report also highlights theiggynsf pavement response
to the interactions between these factors. As a part of thecprmgievant issues that relate the
implementation of pavement responses to engineering practiagp theinfSLAB2000 structural
model are also discussed.

The primary objectives of this study were to i) evaluate the tobss and user friendliness of
the ISLAB2000 software, ii) perform a preliminary paramestiecdy on current and anticipated
Michigan Department of Transportation (MDOT) rigid pavement csessions, using design
inputs consistent with Michigan loading, climatic conditions, mdtgrsubgrade support and
construction parameters, and iii) prepare and conduct a technolodertranskshop for MDOT
pavement designers to familiarize them with the ISLAB2000 program.

The analysis was based on a sample of 14 “approved”’ designsofectp that were either
recently constructed or were programmed for construction in the faeae. These designs
provided input parameters like pavement cross-sections, material tmepdraffic and
environmental conditions. The final experimental matrix for the mpieiry parametric study
contained 43,092 combinations of inputs. Some findings based on a sample sigh4 dee
summarized below:

e The ISLAB2000 program is robust and user friendly. The results fh@mSLAB2000
structural model compare well with the Westergaard solutiorer @bhsidering the relevant
assumptions) and other widely accepted FE structural models.

e The critical load location is influenced by joint spacing &midk or axle configuration. The
fractional factorial analysis indicated that the criticatléacation is generally not influenced
by slab thickness, base/subbase thickness, modulus of subgrade reaterah,stgpport
condition, and thermal gradient or thermal strain gradient.

e For a flat slab condition, when the slab thickness changes from 9rtoth2 resulting stress
is reduced by approximately 35%. For a constant thermal gradiemimpats constructed
with different slab thickness have different temperature diffedsntand therefore, the
pavement responses could not be compared.

e For a flat slab condition, pavement cross-sections with thickerdodm/se thickness (from
4 to 26 in.) resulted in about 5-30% lower stresses and as the slahes increases the
impact of base/subbase thickness becomes less significant.

e Pavements constructed with 27 feet joint spacing resulted in abouhigB®r longitudinal
stresses as compared to pavements constructed with 15 feet jaimgsfoa curled slab



conditions at a thermal strain gradient value of +10xit0". The severity depends on the
level of thermal curling or thermal strain gradient.

For the load located along the wheel path (approximately 20" fitmentraffic stripe),
pavements constructed with PCC shoulders resulted in the lonestestramong the three
lateral support conditions (12’ lane with tied PCC shoulders, 12igtheAC shoulders and
14’ lane with AC shoulders) that are considered in the study. Alththegbavements were
constructed with the same AC shoulder, the magnitudes of longitudiredses for
pavements with 12-ft lane (standard lane) were higher than that for pasemitnt 4-ft lane
(widened lane). As the wheel path shifted 2 ft towards the cemeidr pavements with
widened lane, a pseudo-interior loading condition was created, resultthg reduction of
stresses from edge loading. Pavements constructed with AC shqll2dtdane with AC
shoulder) resulted in about 13% and 9% higher longitudinal stress \thhregpavements
constructed with PCC shoulder (12-ft lane with tied PCC shoulderaédened lane (14-ft
lane with untied AC shoulder), respectively.

Lateral wander (or lateral placement) of traffic load neshin higher edge stresses as the
load moves from the wheel path towards lane/shoulder longitudinal gnou{ 10% for tied
PCC shoulder and 30% for AC shoulder).

The experimental matrix only included three levels of non-disdrgiets (base/subbase
thickness, modulus of subgrade reaction and thermal strain gradidresgfote the
application of interpolation was employed to capture combinations of soretk inputs not
included in the experimental matrix. In the validation process considall axle types, the
bias (average error), variance, and mean square of errors @fl8te) best scheme (scheme
16) were 0.51 psi, 8.63 psiand 8.89 péj respectively, indicating that the interpolation
scheme was highly accurate and precise in computing pavement reapawapared with
the results directly obtained from the ISLAB2000 program.

The pavement response plays a significant role in the mechamsgpicical (M-E) design

process; however, it is necessary to integrate the pavermaspbnse with several other
components. For the M-E process to be implemental and reflectgdicpractice, the following

issues need to be investigated:

1)

2)

The coefficient of thermal expansion (CTE) values for caaarexes and also aggregate (as
concrete making material) used in paving Michigan roads need tdetsgmined and
cataloged, since CTE plays a critical role in the therar@lysis of jointed concrete
pavements. The slab movement and joint opening are also influenced ITEeof
concrete.

An extensive traffic database, e.g. WIM database, should tee available for the pavement
network as hourly axle spectra is a key input for damage computalibeshourly axle
spectra allow for calculation of pavement responses that acémukaily and seasonal
conditions of climate, roadbed and material. The axle repetitrons the axle spectra and
the corresponding pavement responses are the inputs to the cumulative damagm®calculat



3) Develop and calibrate transfer functions for key jointed conp@tement distresses that
reflect Michigan practice. The process involves statisticatetairon of the cumulative
damages to the measured distresses corresponding to the tious perobtain a calibrated
model that can be used for Michigan jointed concrete pavement design.



Chapter |
INTRODUCTION

1.1 Background

The design of rigid pavements in the State of Michigan has changetingeFor the most part,
the design process is based on the AASHTO 1993 method, with modiigdt reflect the
Michigan Department of Transportation (MDOT)’s experience andreaisens of pavement
performance. In general, the rigid pavement cross-sectione@gised of a concrete slab 230
to 280 mm (9 to 11 in.) thick, a 100 mm (4 in.) aggregate base (OGDthamvise), a separator
layer (either a 100 mm (4 in.) dense graded or a geotextileayeylall on a 250 to 300 mm (10
to 12 in.) sand subbase. The final cross-section selection is baseatiaus wconsiderations
including the following:

Traffic volumes, commercial trucks and load;
Roadbed soil, including frost susceptibility;
Drainage;

Initial and life cycle costs;

Joint spacing;

Load transfer and reinforcement; and

Life cycle cost analysis.

Current practice is to select the final cross-section basedheomguidelines presented in the
1986/1993 AASHTO Guide for the Design of Pavement Structures. Howeverdeaikign
practice is most highly correlated to pavement ride quality, but doesecessarily assure
structural integrity, nor does it directly account for the effeétpavement type (JPCP versus
JRCP), joint spacing, lane width, variation in material propeali@sg a project, environmental
impact and joint design (aggregate interlock versus dowel bars) on @atvdesign. Further, it
does not effectively address the impact of the heavy, muli-&ichigan Truck” on the
performance of rigid pavements.

Realizing that the only way to address the multiple factotadnting rigid pavement response
is through a more mechanistic approach, MDOT and Minnesota Depamm&rdansportation
(MnDOT) jointly funded a study to enhance the ILLISLAB 2-D FENid pavement analysis
program (Tabatabaie and Barenberg, 1980). ILLISLAB is widehogezed as the most
versatile state-of-the-practice rigid pavement analysis aoftwavailable. Unfortunately, its
application was highly limited because of the poor user interfack lianitations on the
complexity of the problems that it could evaluate. The enhancememtednthe complete
rewriting of the code to remove inefficiencies, significanthproving the computational ability
of the software. It also included the employment of a graphicalinsaface (GUI) both for
inputting data and examining the output. The use of ISLAB2000 allows thetausessess
pavement response due to temperature, cross-section, loading and construction.variables



1.2 Research Objectives

The objective of the project was to study the impact of variousnyedess and their
interrelationship on mechanistic responses of jointed concrete pavdd@R) using the
ISLAB2000 structural model. The primary objective was achievelarptoject by i) evaluating
the ISLAB2000 software and provide feedback to the developers, ii) penfprempreliminary
parametric study on current and anticipated MDOT rigid pavemess-gections, using design
inputs consistent with Michigan loading, climatic conditions, mdtgrsubgrade support and
construction parameters, and iii) preparing and conducting a technoégfer workshop for
MDOT pavement designers to familiarize them with the ISLAB2000 program.

1.3 Scope of Research

The research plan was divided into five tasks to achieve the a¢bs#gectives and to provide a
better understanding of each phase of this project and the connection among them.

Task 1: Determine the robustness and friendliness of ISLAB2000

Various scenarios will be systematically evaluated tdéshathe robustness of the software and
the comparability of the analysis results to the Westergaalobed form solutions. The results
will be compared to known design examples illustrated in the textiitalement Analysis and
Design” (Huang, 1993). The user friendliness of the graphicalinteface (GUI) will also be
assessed.

Task 2: Conduct the parametric study and sensitivity analysis

A parametric study will be designed and conducted using staligtsound practices to evaluate
the impact of the following variables on pavement performance:

Pavement thickness;

Slab geometry;

Load transfer;

Support conditions;

Axle loading, configurations, and locations;
Temperature gradient;

Variable material characteristics; and
Variable support conditions.

The ISLAB2000 program will be used to calculate response (sttas) and deflection) of a
sample of pavement cross-sections. This information will be evdluataletermine design
features that impact pavement response.



Task 3: Create an MDOT specific on-line help feature

To increase the usefulness of the ISLAB2000 program, an MDOT spenHine help feature

will be created. Using this feature, the user will be able to find guidanceénageg the various

inputs on-line. Typical values for Michigan conditions will be preserae well as background
information to assist the user in making decisions. The full usauahavill also be developed

and included on the CD-ROM for an easy access, including a seatcinef to assist the user in
finding desired information.

Task 4: Conduct technology transfer workshop

A full-day technology workshop will be developed and presented to MDO Thpauedesigners
and researchers who are the anticipated users of the ISLAB200@mrobhe workshop will
include:

e Anintroduction to the theory behind the ISLAB2000 program and mechanistic design;

e A description of the various required inputs and how reasonable valudges$er ihputs
can be obtained;

e A demonstration of how to prepare a complete input file;

e A discussion of the results, including example of transfer functloatswill enhance the
meaningfulness of the output; and

e Hand-on exercises that will allow each participant to developniet iand analyze the
output of the problems that are of concern to them.

Each workshop participant will be provided an ISLAB2000 user’'s guideaapdrticipant’s
workbook for future reference, as well as a CD-ROM containing $1eAB2000 program,
example problems, and electronic copies of the ISLAB2000 user's guatécigmnt’s
workbook, and copies of the presentations used during the workshop.

Task 5: Complete the final report

At the conclusion of the study the PI will submit a draft copuyl{iple copies will be submitted
if the PM so requests) of the final report documenting the segtithe study. It is expected that
the PM will review the draft final report and provide feedbadthin one month after receiving
the report. The PI will incorporate the changes and submit therémeled report within one
month of receiving the comments. The final submission will coa$isS0 double-sided bound
copies and one copy single-sided unbound copy'. Furthermore, a CD canthaientire report
will also be submitted.



1.4 Organization of Report

This report contains background information on the parametric studgafanistic responses of
JCP using ISLAB2000, a discussion of the analyses performed aresthis obtained from the
parametric study, and a summary of the conclusions and recommendigrored from this
study. A more detailed breakdown of the contents of individual chaptassfollows. Chapter Il
includes: background on the robustness and accuracy of ISLAB2000 araidetk a summary
of Westergaard Theory and a summary of finite element (F&haod used in ISLAB2000.
Chapter Il provides an overview of the data collection process andh®ofinal experimental
matrix for the parametric study is obtained. A detailed arsapy®cess of the parametric study is
given in Chapter IV. This chapter also includes documentation agwgbiiatation of the analysis
results. The application of ‘Interpolation Scheme’ in quantifyingniiagnitude of mechanistic
response at the combinations of parameters that are not addretssedxperimental matrix and
its validation including the goodness of fit are elaborated in Ch¥lpter addition, example use
of interpolation scheme and a catalog of mechanistic responsed basthe use of this
interpolation scheme are also included in this chapter. Chapiaesénts a demonstration of a
future step to potentially implement the product of this projea atmechanistic-empirical
design process with existing transfer functions. A summarydings and recommendations for
future research arising from the analyses performed in tihity @s well as a listing of future
research needs related to mechanistic analysis and meahamsgirical design of JCP are
contained in Chapter VII.

Thirteen appendices are also included in this report, which are listed as follows:

Appendix A: Review of the Kirchhoff plate theory

Appendix B: Comparison between ISLAB2000 results and Westergaard’s solution
Appendix C: ISLAB2000 graphical results for the comparison with Westergaatdigs
Appendix D: Data collection

Appendix E: Validation of thermal strain gradient (the prodyafT/D))

Appendix F: Documentation of pavement response

Appendix G: Impact of lateral placement on different lateral support conditions
Appendix H: Equivalent stress cross-sections

Appendix I: Catalog of pavement response

Appendix J: Hourly load spectra from WIM database

Appendix K: Hourly thermal gradient from EICM

Appendix L: Michigan ISLAB2000 (submitted in a CD)

Appendix M: Technology transfer package



Chapter Il
ROBUSTNESS AND USER FRIENDLINESS OF ISLAB2000

The robustness and user friendliness of ISLAB2000 program are iratedtion this chapter
based on two approaches: i) comparison of published results with ISLAB280IBsrand ii)
comparison of results based on ISLAB2000 program with another FE prdgral@P, called
EverFE (Davids and Mahoney, 1999). Several types of problems ftextbook “Pavement
Analysis and Design” (Huang, 1993) are used for the first approauie selected MDOT
designs are used for the second approach.

2.1 Review of Westergaard Theory

Mechanistic analysis of rigid pavement was first introduced il #28’'s by Westergaard. Since
then, mechanistic analysis has been a crucial part of the anahgidesign of rigid pavement.
The closed-form equations by Westergaard, however, rely on sagstahptions (Westergaard,
1926) and they include:

« Infinite slab dimension,

« Full contact interface between slab and subgrade,
. Single layer (no base or subbase layers),

. Single slab (free edge boundary),

« Semi-infinite foundation,

« Single tire print,

« Circular or semi-circular loading area only,

. Dense liquid foundation (Winkler foundation).

The review of the Westergaard theory in this chapter includesmation about the Winkler
foundation, load cases considered in the Westergaard analysis @radbery thermal curling
stress formulation.

Winkler foundation

The Winkler foundation, also referred to as the Dense Liquid foundatia), (ias been
traditionally used as a subgrade idealization in rigid pavemengrdesid analysis. This
idealization is based on assumptions that the subgrade cannot tsfwesfiestress and the slab is
subjected to vertical reaction pressure equal to deflection tameenstant k (modulus of
subgrade reaction). In other words, the subgrade will deflectunwlgr the area of applied load.
According to McCullough (McCullough and Boedecker, 1968), the Winkler foiordatodel
used in Westergaard's theory is a dense liquid with a density egkatimes the deflection
under the load, or a bed of spring with spring constant k as illustrated in Figure 2-1.



Figure 2-1: Idealization of dense liquid foundation

Load Cases

In addition to the several assumptions and the dense liquid foundagowestergaard’s closed
from solutions are also limited to only three loading conditions:iortezdge, and corner (stress
at the top of the slab).

Interior loading condition (Load Case I)

I

.
-

]

Figure 2-2: Interior loading condition

Interior loading condition is the case of a wheel load at a coasigedistance from the edges.
The loading stress equation was the earliest formula developed/dstergaard in 1926,
(Westergaard, 1926) as illustrated in Figure 2-2. The strelss bottom of the Portland Cement
Concrete (PCC) slab due to a circular loaded area of radius “a” is computed as:

o, = M-(lnh 0.6159) (2-1)
2.-7-D b

Where b= whena>1.724-D

= +16-a*+D?-0675D when a<1724-D

¢ = radius of relative stiffness



E,-D°

| =4 2'2
12.(1- 4?)-k (2-2)

D = concrete slab thickness, in.

Ec= modulus of elasticity of concrete slab, psi

k= elastic modulus of subgrade support, psi/in.

p=  Poisson’s ratio for concrete (0.15-0.20 as giovalues)

For the same loading condition as shown in Figug @eflection of the PCC slab underneath
the loading area can be calculated using the fallgwquation.

BT Y -

Edge loading condition (Load Case II)

1’ ~ ey

Wapmnt

9

As illustrated in Figure 2-3, edge loading conditie the case in which the wheel load is at the
edge, but at a considerable distance from any coriéestergaard presented the edge loading
stress equation in 1926 (Westergaard, 1926). [dhding condition is important in that it results
in the most critical stress at bottom of PCC slékalb three loading condition according to
Westergaard. The stress and deflection formulasi@s follows:

3
_ 3 Q+p)P In( E.-D j+184_4-y+1—/1+1.18-(1+2-,u)-a

Figure 2-3: Edge loading condition

® z-(3+u)-D* | |100-k-a* 2 |
(2-4)
56:1/2+1.2-:¢-P_ . (076+ (I).4-y)-a} (2-5)
JE.-D*k L
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Corner loading condition (Load Case III)

— -

<

Figure 2-4: Corner loading condition

Corner loading condition is the case in which thee®l load is at a corner of the slab. Even
though an equation for determining stress duedactitner loading condition was developed by
Goldbeck (1919) and Older (1924) earlier, Westejamas the first to discover that the

maximum stress due to corner loading conditionoisat the slab corner, but is at a distance of

238Jal from the corner. Westergaard also included tlorrection into his formulas for
determining stress and deflection in 1926 as shmelow, respectively.

0C=3'2P- 1(&&}] (2-6)
D |
S = kl_Dlz | 11- oss-(a'lﬁﬂ (2-7)

The corner loading condition according to Westergjagporoduces the most critical deflection of
all three Westergaard loading conditions. It sHalo be noted that the maximum stress due to
this loading condition is located at the top of P€l&@b (not bottom as edge and interior loading
conditions).

Among the three loading conditions by Westergatred,corner loading condition is the most
obscure. It should be noted that fully contactateriace between layers is one of the
assumptions used in Westergaard’s formulationsthisdassumption is not realistic because it
leads to underestimation of stresses and deflectbriop of PCC layer. In other words, the
incapability of simulating the lack of support inedtergaard’s formulation causes the variation
between Westergaard’s and FE solutions for coroadihg condition, at which the lack of
support has a significant impact on stresses afldctiens. Stress and deflection equations for
the corner loading condition based on the FE metter@ suggested as shown below (loannides
et al, 1985).

11
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Results based on equations recommended by loanetdals(1985) were also compared with
ISLAB2000 results.

Dual tires simulation

Since all Westergaard’s loading stress equationg feingle tire print are circular loading area
based. It is necessary to convert dual tires angngle circular loading area. Equation 2-10
allows for the conversion from dual tires to a &niye (Huang, 1993).

S
| |
| |
4
0.4L L
0.8l Sd -0.al 0L

Figure 2-5: Dual tires simulation represented by aircular loading area

1

. 2

az |O82LR S [ R (2-10)
q-z 7 \0.5227-q

Where R load on one tire
q contact pressure (one tire)
S = dual spacing (center to center)

Curling stress formulation

The environmental effects on rigid pavements caradmounted for in terms of temperature
differential between top and bottom layers of PC@bsitive temperature gradient (top layer is
warmer than bottom layer) contributes to downwaudlicg, whereas negative temperature
gradient (bottom layer is warmer than top layentabutes to upward curling. This is illustrated
in the Figure 2-6.

12
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Figure 2-6: Effect of temperature gradient on slakcurling

For upward curling, the top layer of PCC contraglsle the bottom layer expands with respect
to the neutral axis; however, the concrete slalgktewill try to move the corners of slab down.

Negative moment due to slab weight will cause tamsit top of PCC layer and compression at
bottom of PCC layer. In contrast, for downwardliogy, top of PCC layer expands while bottom

of PCC layer contracts with respect to the newtxad; corners of slab will move down but slab

center will lift up. Consequently, slab weight Mty to move its center down and this causes
tension at bottom and compression at top of PC@rlaylhe following are the curling stress

equations by Bradbury.

E. -« -At
o, =— AC . +u-C 2-11
ix ﬂm ( x TH y) ( )
E. -a -At
o, = ﬂm'(cy +u-C,) (2-12)
o, = S B At 4 At (2-13)
Where oix = interior curling stress in x-direction
oiy = interior curling stress in y-direction
ce = edge curling stress (can be used for x andegction)
ot = coefficient of thermal expansion

At = temperature differential
C. G, = finite slab correction factor in x and y-direxti

From slab dimension and radius of relative stiffndmite slab correction factors for both x and
y-direction can be approximated using the followdhgrt.

13
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Figure 2-7: Finite slab stress correction factorsfuang, 1993)

2.2 Review of FE Method

Kirchhoff plate theory, which is the theory behii8.AB2000 FE model, is reviewed, including
the Winkler foundation in FE, element discretizatiand FE global system. The details of the
Kirchhoff plate theory can be found in Appendix A.

2.3 Comparison of Published Results with ISLAB2000
Results

Several examples and problems in chapter 4 (SsesgkDeflections in Rigid Pavements) of the
textbook “Pavement Analysis and Design” by YangHt#iang were solved using ISLAB2000.
The software was used to simulate traffic loadsyperature gradients, pavement features such
as PCC thickness, joint spacing, and subgrade ssilisted in the textbook. The results
obtained from the ISLAB2000 model and Westergaatdt®ns were compared. It has to be
noted that in order to simulate problems using IBRB0O0, two assumptions need to be made:
slab size requirements to simulate infinite slabaweor and square load contact area to simulate
circular load contact area as indicated in Westedja theory.

The following are slab size requirements for Wegsard responses based on the FE method,

(loannides et al, 1985), in terms of’lwhen L is least slab dimension ah radius of relative
stiffness.

14



Table 2-1: Required L/l ratio for FE solutions to stisfy Westergaard’s assumptions (loannides et al985)

Load Placement
Response
Interior Edge Corner
Maximum Deflection 8.0 8.0 5.0
Maximum Bending Stress 3.5 5.0 4.0

The problems can be categorized into three groups:

1. curling (temperature) stress only,
2. corner, interior, and edge stresses and deftectiue to wheel load(s),
3. combined temperature and loading stresses.

Each problem was divided into two parts: the tegkbsolution, and the ISLAB2000 solution
(FE solution). The textbook solution consists leé fproblem statement, an illustration of the
problem, and solution based on Westergaard’s eangtwhile the FE solution consists of the
summary of inputs, illustration of the mesh anddlog used in problem, followed by a short
explanation if necessary, and numerical and gcaphoutputs in Appendices B and C,
respectively. Out of the nine problems selectethftbe textbook, four problems were solved for
four mesh sizes (3, 6, 12, and 24 in.) using ISLAMEB2 The difference of the results based on 3
in. and 6 in. mesh sizes was found to be negligibleerefore, the other five problems were
solved only for three mesh sizes (6, 12, and 24 linshould also be noted that the mesh aspect
ratio of 1 (square mesh) was used for all the @moisl

2.4 Summary Comparison of Published Results with
ISLAB2000 Results

In summary, the variations between the publishedlte based on the Westergaard solutions and
the ISLAB2000 results are shown in Table 2-2. Témults suggest that responses obtained from
the ISLAB2000 program and from the Westergaardrghace comparable with the exception of
the corner loading condition. Relatively large a#ions were observed for corner stress and
deflection results. However, the difference in thsults between the two approaches has been
reported, (loannides et al, 1985). After applyilg tequations suggested by loannides et al
(1985), the ISLAB2000 results and the results basethe closed form solutions appear to be
more comparable. Table 2-3 summarizes the oveeallgmt variation between the closed form
and the ISLAB2000 results.

15



Table 2-2: Summary of results and percent variatiorof the results

12

FE Results Percent Variation
Problenf ~coPONSe |TeXtbool | e e E 7000 with Various Mesh Sizds ISLAB2000 with Vaus Mesh Size
Type Results
24" 12" 6" 3" 24" 12" 6" 3"
1 Int. Stress] 238.0] pg 2316 2301 2303 235 29 3|31 5 323.14
Edg. Stres§  214.0 d 219p 2201 2243 21p8 2|35 287 4.92.72
2 Cor. Stres{  186.6 d 198p 197]9 1998 1958 632 606 3 4.94.93
Cor. Stressf  190.2] pg 1984 197p 1958 1938 4p9 403 3 29 2.93
3 Int. Stress]  143.7] pg 1406 159j0 1549 1442 26 146569 §. 0.35
4 Edg. Stres 2794 pgi 285p 3065 2949 28f.2 2|33 470 4 $.52.79
5 Cor. Stresq 166.8 4§ 182B 1781 179.6 9.p9 6§77 6]47
Int. Stress 130.8 pS 135.% 144p 13218 - 3.99 10]24 1}54
Edg. Stres§  244.2 § 263B 267]6 2542 8.3 98 4450
6 Int. Stress|]  282.4] pg 296.6 296]3 2942 - 5.3 4.p2 4|89
Edg. Stres§  240.0 4§ 244p 2449 2494 1.y4 205 2|23
Pt. A 211.4 | psi] 197.3] 1954 194 - 6.6 7.0 7.47
Pt. B 1980 | psi| 1978 1963 196p - 0.0p 0.96 1.04
Pt. C 57.6 | psi] 50.4] 49.9 49.7 - 12595 1342 135
7 Cor. Stresq 172.8 4 171 166]5 164.5 0.p8 365 4180
8 Int. Stress 139.7 PS 137.¢ 134]1 1233 - 1.%0 4.p1 11.74
9 Edg. Stres$ 252.9 pdi 247 23719 2214 1.po 5[78 9494
2 Cor. Defl. | 0.0502] in] 0.056 0.05¢43 0.05p3 0.0963 11J95 .184 12.15]| 12.15
Cor. Defl.*| 0.0560] in.|] 0.0564 0.056B 0.05¢3 0.0563 0.36 40.F 0.54 0.54
3 Int. Defl. | 0.0067] in.] 0.006§ 0.0060 0.00§9 0.0069 1.94 83p 2.99 2.84
4 Edg. Defl.| 0.0207] in] 0.021] 0.0242 0.02J2 0.0312 2p8 223 2.42 2.42
* Remarks: the comparison is based on loannidggsoach
Table 2-3: Overall variation between Westergaard andrE solutions
Response Type and Location Variation [%)
Interior Loading Stress 3.84
Interior Loading Deflection 2.99
Edge Loading Stress 4.09
Edge Loading Deflection 2.42
Corner Loading Stress* 2.93
Corner Loading Deflection* 0.54

* Remarks: the comparison is based on loannidggisoach
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2.5 Summary Comparison of Practical Engineering Res  ults
based on ISLAB2000 and EverFE

The capability of the ISLAB2000 program to providemparable results with the closed form
solutions has been demonstrated in the previousosgtiowever, the load configurations and
the structural conditions in the closed form soln$ are not realistic. It is also important to
ensure that the ISLAB2000 is also able to provideugate results for practical engineering
problems. To achieve this, the ISLAB2000 progrard &verFE program are used to analyze
selected MDOT designs. The comparability of thailtesbased on these two FE programs is
investigated through following engineering problems

Problem 1. A pavement system with 11.8-in. PCC slab, 15.7aggregate base, 99-psi/in.
roadbed, 315-in. joint spacing, 12-ft lane, and ®&C shoulder is given (an MDOT design on |-
75 (C.S. 82191 & 82194 and J.N. 45699) submittedJume 12, 2001 as the second design
alternative). Analyze this pavement system for itutjnal stress at the bottom of the slab under
the impact of 18-kips single axle edge loading gishe ISLAB2000 and EverFE program.

Solution: The same mesh size (12 in. by 12 in.ussd for both ISLAB2000 and EverFE

program. The results obtained from the ISLAB2006 BwerFE program are 87.1 psi and 97.4
psi, respectively. Figures 2-10 and 2-11 illustrdte graphical results obtained from both
programs. It can be seen that the peak stress tudggaiand locations obtained from these
models are comparable.

87.1
g22

. 747
573
[ ] 598
52 4
449
=
L e
- . -

300
228
151

77

02
-7.2
-9.7

Figure 2-10: Longitudinal stress at the bottom ofte slab from ISLAB2000 for Problem 1
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Y Stress (ksi)
-0.00676 0.0193 0.0453 0.0714 0.0974

Figure 2-11: Longitudinal stress at the bottom oftie slab from EverFE for Problem 1

Problem 2 A pavement system with 11.0-in. PCC slab, 3.9aggregate base, 169-psi/in.

roadbed, 177-in. joint spacing, 14-ft lane, andathAC shoulder is given (an MDOT design on

M-39 (C.S. 82192 and J.N. 45702) submitted on JuBOBO as the second design alternative).
Analyze this pavement system for longitudinal strasthe bottom of the slab under the impact
of 18-kips single axle edge loading using the IS2ZAB0 and EverFE program.

Solution: The same mesh size (12 in. by 12 in.ussd for both ISLAB2000 and EverFE

program. The results obtained from the ISLAB200@ &werFE program are 97.1 psi and 104
psi, respectively. Figures 2-12 and 2-13 illustrdte graphical results obtained from both
programs. It can be seen that the peak stress tudggaiand locations obtained from these
models are comparable.

97.1

. 920
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Figure 2-12: Longitudinal stress at the bottom ofte slab from ISLAB2000 for Problem 2
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Y Stress (ksi)
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Figure 2-13: Longitudinal stress at the bottom oftie slab from EverFE for Problem 2

It should be noted that unlike ISLAB2000, EverFEneg capable of modeling slabs with more
than one material in the same system. Therefoesutiied AC shoulder is modeled by having
no shoulder for both analyses.

Problem 3. Repeat Problem 1, but also consider a positigenthal gradient of 4F/in.

Solution: The same mesh size (12 in. by 12 in.ussd for both ISLAB2000 and EverFE
program. The results obtained from the ISLAB2006 BrnerFE program are 557.5 psi and 571
psi, respectively. Figures 2-14 and 2-15 illustrdte graphical results obtained from both
programs. It can be seen that the peak stress tndggaiand locations obtained from these

models are comparable.
557
E
II :
II

445
403
Figure 2-14: Longitudinal stress at the bottom ofte slab from ISLAB2000 for Problem 3
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Stress (ksi)

0.00394 0.146 0.288 0.429 0.571
I (T

Figure 2-15: Longitudinal stress at the bottom oftie slab from EverFE for Problem 3

It is important to note that due to their differenia structural models in that the ISLAB2000
program is a 2-D FE program, while the EverFE pmogris a 3-D FE program, the results
obtained from these programs are not expectedrfeqiy match. However, according to these
three practical engineering problems, the ISLAB2@@Pears to provide similar results, when
compared with results obtained from EverFE, whiglamother independent analysis approach.

Therefore, this proves that the ISLAB2000 prograncapable of providing reasonable analysis
results for practical engineering problems.
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Chapter Il
EXPERIMENTAL MATRIX

An experimental matrix was constructed based oncthecept of complete factorial for all

combinations of design inputs reflecting MDOT preet climatic condition, and load

configurations in Michigan. Several engineering pipites and common knowledge were
applied to modify the experimental matrix with gherpose of making the experimental matrix
more concise, but providing the same level of imfation. An overview of the process is
illustrated in Figure 3-1.

Data collection

\ \ \

Recent pavement design$ LTPP database» thermal Truck driver's guidebook
from MDOT — cross- gradients for Michigan and WIM data— load
sections, pavement featurgs, configurations and axle
and material properties weights

A\ 4
TAG inputs >  Modification of design inputs
\ 4

Experimental matrix

Figure 3-1: An overview of the process of developmeof experimental matrix for parametric study

3.1 Data Collection

The MDOT Technology Advisory Group (TAG) provided 1dpproved” designs for projects
that were either recently constructed or were magned for construction in the near future.
These designs provided the structural parametexs fios Michigan rigid pavements, e.g., Cross-
sections, pavement features, material propertieseéc. The ranges of inputs obtained from the
MDOT designs are summarized in Table 3-1. Additiaiethils are summarized in Appendix D.
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Table 3-1: Summary of design parameters from the 1MDOT designs

Inputs Min. Max.
. 240 mm 300 mm
PCC thick . .
cKness ©.5in.) (12.0in.)
. 100 mm 400 mm
Base thick
ase thickness 4.0 in.) (16.01in.)
Subbase thickness No subbase 300 mm
(12.0in.)
Joint spacin 45m 8.0m
pacing (177 in.) (315 in.)
. 3.6m 4.2 m
L dth
ane w (12 ft (14 ft

PCC shoulder, AC shoulder
Widened lane
Doweled (1.25 in. diameter at 12 in.

Lateral support condition

Joint design spacing center to center)
c 29x10 kPa
Pee (4.2x10 psi)
Modulus of subgrade reactipn 24 kp"’?’fm m c0 kpa.’fnm
(90 psi/in.) (220 psif/in.)

In addition to the above mentioned input parametaesanalytical model required the following
additional parameters (i) coefficient of thermapamrsion (CTE) of the concrete, (ii) thermal
gradients, (iii) axle and truck configurations,)(Roisson’s ratio and unit weight. Based on the
review of the literature (Klieger and Lamond, 1994)PP database, Truck driver's guidebook
for Michigan (Michigan Center for Truck Safety, 200ahd conversations with the TAG, ranges
for these additional input parameters were estaddiand are summarized in Table 3-2.

Table 3-2: Ranges of input parameters obtained fronother sources

Input variables Ranges
Concrete unit weight 0.0087 Ibfin’
Concrete Poisson's ratio 0.15-0.20
Aggregate base unit weight 0.0061 Ib/in®
Aggregate base Poisson's rafio 0.35
Thermal gradient -4 - +4°Ffin.
Coefficient of thermal expansipn 3x10°%- 9 x 10%in./in.fF
Location of stress Top and bottom
Load configuration Single axle, tandem axle,... Maltie (8), MI-1, MI-2,... MI-20
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3.2 Preparation of Experimental Matrix

An important first step in data analysis is to easthat the project objectives can be
accomplished within the limitations of time and disn If every combination of input parameters
is to be considered, the complete factorial expental matrix would result in millions of FE
runs. Hence, the experimental matrix size musetaced, while the final product still serves the
primary objectives. The preparation of the finaltmxawas achieved by carrying out the
following strategies: combining variables, considgronly frequently seen load configurations,
and adjusting increments for non-discrete inputs.

Combining Variables

Two variables are combined into one variable taucedthe number of input combinations in the
experimental matrix based on an assumption than#ehanistic response computed considering
the combined variable would be the same or appratdly the same as that computed
considering the two variables, separately. Theabdes to be combined are base thickness and
subbase thickness, which are combined into badmdsebthickness, and CThk)(and thermal
gradient AT/D), which are combined into thermal strain gratlie

Figure 3-2 illustrates how base thickness and sob@ckness can be combined. It is assumed
that the two layers have an unbonded interface, ebagtic modulus represents the combined
layer, and the Poisson’s ratios of the two layeesagpproximately the same (Khazanovich and
Yu, 2001). Sensitivity study of the accuracy of tbembined base/subbase thickness was
conducted for the 14 MDOT designs by comparingrtieehanistic responses computed based
on the two-layer system (PCC and combined base#seblayers on the top of subgrade) and
that based on the three-layer system (PCC, bassubizhse layers on the top of subgrade). In
this sensitivity study, for the three-layer systepproach, an unbonded interface condition and
Totski interface model (ERES Consultants, 1999)ewansidered between base and subbase
layers and between PCC and base layers, respgctielunbonded interface condition was
considered for the two-layer system approach. & feand that the difference in the magnitudes
of stresses between the two approaches is lesgl®aihe results from the sensitivity study are
illustrated in Figure 3-3 as compared with the itssbased on no subbase for the 14 MDOT
design.
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Figure 3-2: Combining base and subbase layers

Variation, percent

1
0 = | | | | I B e [OH |

Project1 Project2 Project 3 Project 4A Project 4B €gbfiIC Project5 Project6 Project7 Project8 ProjecP®oject 10

@ Combined base/subbas@ No subbase

Figure 3-3: Comparison of variation in results forcombined base/subbase and no subbase approaches
*Remarks: there is no subbase layer for proje@ed.5

The CTE and thermal gradient are simultaneouslpwated for in terms of the product of the
two variablesa(AT/D) or thermal strain gradient. Figure 3-4 illaés the sensitivity plots to
validate this assumption. The sensitivity study wasducted for nine cases by comparing the
mechanistic responses computed based on two ahalygioaches. Analysis approach 1 consists
of varying CTE, while keeping thermal gradient dens. Analysis approach 2 consists of
keeping CTE constant, while varying thermal gratien
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Figure 3-4: Combining CTE and thermal gradient

*  Analysis 1: Constant temperature gradient @F2n.) with variation of CTE (0.1x]:@ to 10x106 in./in./OF)
Analysis 2: Constant CTE (5x®in./in./°F) with variation of temperature gradient (0 to%in.)

**  PCC shoulder, 10-in. PCC thickness, 16-in. bsiskbase thickness, 100-psi/in. k-value, single dding,
177-in. joint spacing

It was found that the mechanistic responses cordpadsed on the two approaches are identical.
A statistical experiment to illustrate the validity combining CTE and thermal gradient was

conducted by repeating this process for eight nmmbinations of pavement parameters
selected based on a fractional factorial (Apperilx It should be noted that pavements with

different slab thickness with the same thermalirstgaadient is not valid for comparison since

the pavements are subjected to different temperatifferentials. Comparison of pavement

responses under a curled slab condition, there&reuld only be made within the same slab
thickness.

Considering Only Frequently Seen Load Configurations

Several axle and truck configurations are contaimedhe Truck driver's guidebook for
Michigan (Michigan Center for Truck Safety, 2001).sBd on the TAG’s recommendations,
certain axle and truck configurations, not existentot frequently seen, could presumably be
omitted. Only 8 axle configurations and 11 truckfigurations are selected for the experimental
matrix. Figures 3-5 (a) and (b) illustrate the asmled truck configurations included in the
parametric study.
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Axle Type Configuration and Designated Loading

Single Axle

Tandem Axle A
16,000, 16,000

Tridem Axle m

T S T
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s e o009

L TE L 3
13,000 13,000 13,000/13,000

Multi-Axle (5) m

36"l 36" -J--BS 36
13,000/13,000(13,00013,000/13,000

s A & (O g ]

[ L | O | .-1—38
13,000/13,000/13,000(13,000(1 3000'3000

Multi-Axle (7) b+ B8 3671, 361 36l T6" L. 365
13,000(13,000/13.000/13,000113,000(13,000/13.000

Multi-Axle (3) = 3L B e 36" ofa 3l IBEle T6 96

130001300013001]\13!]00 13,000(13,000(13,000/13,000

(a) Axle configurations

Figure 3-5: Load configurations considered in thetsidy
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Designated Loading 15,400 16,000 16,000 Lo Rostictan 16000 1550 ) % Frost Law Restricton 10,000 400 10,400 70 i

Frost Law Restriction 10,000 10,400 10,400 -

MI-2 MI-8

dﬁ l ' ' ' ‘ ‘ E o aE o ae S o Rgen
—— ated Loading (15,400 16,000 16,000 13,00013.000 18000 13.000/13,000
o 8450 8,450
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pat s a0 Tisoea oz o oo Designated Loading 15,400 600016000 ° 15000 haaomm Ronaeas (5 15959 19%%8 SR %
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MI-9 MI-11 MI-12
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(b) Truck configurations

Figure 3-5: Load configurations considered in thetsidy (continued)

Adjusting Increments for Non-Discrete Inputs

Input increments need to be carefully consideredntn-discrete variables, in this case, these
included base/subbase thickness, modulus of subgmattion (k-value), and thermal strain
gradient. The finer increments can better captrtgrds of the mechanistic responses, but will
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also result in increased number of FE runs. Theeeft is crucial to capture trends of the
mechanistic responses with large increments oftipptameters as possible. Five values of each
non-discrete variable were used in the sensitstitygly of input increments. Based on this “mini
analysis”, it was determined that response tremdsdcbe adequately captured by using three
values for each non-discrete variable. These vdluethe base/subbase thickness, k-value, and
thermal strain gradient are 4, 16, 26 in., 30, 120Q psi/in., and 0, +10, +20x%0in. %,
respectively. It should be noted that positive nir gradients are considered for analysis of
stresses at the bottom of the PCC slab, while neg#lhermal gradients are considered for
analysis of stresses at the top of the PCC slabe ghe critical stress locations correspond with
the types of thermal gradient. Figures 3-6 throB3g8 illustrate the trends of stresses with
variations of base/subbase thickness, moduluslzgrade reaction, and thermal strain gradient,
respectively. Note that if not specified, the pagsens for these sensitivity plots are 10-in. PCC
slab, 16-in. base/subbase, 100-psi/in. modulusilofrde reaction, PCC shoulder, 177-in. joint
spacing, 18-kips single axle, and thermal straadgmt of zero.
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Figure 3-6: Sensitivity trend due to the variationin base/subbase thickness
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3.3 Final Experimental Matrix

In addition to the above mentioned strategies,tiooa of stresses (at the bottom and the top of
the PCC slab) are also effectively selected to gedhe number of runs. For positive thermal
gradients, only stresses at the bottom of the R@iCase considered, while stresses at the top of
the PCC slab are considered for negative thernadignts. The experimental matrix size has
been reduced to 43,092 FE runs as illustrated bieTa-3. It should be noted that all possible
input parameters for all discrete variables aneédhevels of each non-discrete variable are
addressed in this final experimental matrix. Howetlge combinations of non-discrete variables
that are not addressed in this final experimentatrin are still of interest and will be obtained
through the interpolation scheme, which is to Isedssed later.

Table 3-3: Final experimental matrix

Input variables Number of cases
PCC slab thickness 7(6,7,...121in.)
Base/subbase thickness 3(4,16,26in.)
Modulus of subgrade reactio 3 (30, ,100, 200 p3i/in
Slab length (joint spacing) 2
Joint design 1
Shoulder type 3
o.AT/D 3 (0, £10, +20x18 in™)
Location of stress 2
Load configuration 19
Total combinations 43,092
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Chapter IV
PARAMETRIC STUDY

Based on a complete factorial of 43,092 combinatiohparameters identified in the previous

chapter, a preliminary parametric study is condiitig performing a series of FE analyses using
the ISLAB2000 program. The results obtained frons farametric study are included in this

chapter. The parametric study will be presentefdim parts: structural model, analysis process,
documentation of analysis results and interpratatifcanalysis results.

4.1 Structural Model

The pavement system for this analysis typically poses of three to six PCC slabs, depending
on the length of the load configuration. This isetwsure that the first and last PCC slabs are
unloaded as recommended in Report 1-26 (NCHRP,)18%nalyze the pavement system with
extended slabs in order to reflect realistic boupdanditions that all the slabs are bounded by
two slabs on both directions. Two lane widths (h& &4 ft) and two shoulder types (untied AC
and tied PCC) are considered. The study focuseébenanalysis of the mechanistic responses in
the outer lane (the truck lane), which is tradisibynthe design lane. Two joint spacings (177 and
315 in.) are considered. The structural model with traffic lanes was not found to result in
different pavement response in the outer wheel aattompared to the results obtained from the
structural model with one traffic lane. Therefotteg second traffic lane is not included in the
structural model to reduce the structure size amse@quently analysis time. The wheel path
considered in this study is 20 in. from center ofeo wheel to the traffic stripe, similar to the
pavement model used by Darter et al, 1994. Meshd§id2x12 in. is used as a standard mesh
size. This mesh size was found to achieve botkfaatory convergence and reasonable runtime.
Figure 4-1 illustrates the typical slab structugout as modeled using ISLAB2000.

Dowel bars 1.25 in. diameter, Load configuration

12 in. center to center spacing K_/R
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oo
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144 in. or 168 in.
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L)
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o
LU
0o
0o

20 in. or 44 in.

120 in.
Shoulder

- - Tied joint for PCC shoulder
177 in. or 315 in. Untied joint for AC shoulder

Figure 4-1: Overview of structural model

30



4.2 Analysis Process

The flow chart in Figure 4-2 illustrates the regdircomponents for the FE analysis. It can be
seen that all structural and environmental facharge been addressed in the final experimental
matrix. However, the critical load location needsbe derived first before the creation of the

stress catalog. The critical load location is dedioy the load location along the wheel path that
results in the most critical mechanistic respotise highest value of the maximum responses for
each load location.

Mechanistic Responses

Structural Environmental Loading Factors
Factors Factors
A I\—j
— PCC Thickness Thermal Gradients Load
B Configurations
| |  Base/subbase Positive Thermal
- Modulus of Negative Thermal
Subgrade Reaction gGradients Trucks
—__Joint Spacing | Critical Load
. . Locations

—| Material Properties

Lateral Support

Condition

— Joint Design

Figure 4-2: Required components for the analyticalool

Procedure of determining critical load location

The procedure for determining critical load locatis illustrated in Figure 4-3. The procedure
involves the computation of stresses at every loadtion along the wheel path along the slab
length for a given set of conditions. The load tawathat results in the most critical (maximum)
stress will be considered as the critical load tiooa
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Specify load
configuration

Position the load

Specify pavement
feature and temperature
gradient

Move load at 12"
ISLAB2000 analysis |[€———| Increment in the
direction of traffic

N

Repeat this loop
over the slab length

—> Pavement responses

\/

Critical load location = load location with the maximum pavement response

Figure 4-3: Procedure of determining critical loadlocation
Assumptions and validation process

The procedure for determining critical load locaties a time consuming process and is
impractical to be performed for all possible conations of input parameters in the final
experimental matrix. It was assumed that variationshe following variables do not affect
critical load locations:

PCC thickness,
Base/subbase thickness,
k-value,

Lateral support condition and
Thermal strain gradient.

Validation of these assumptions was conducted ¢avghat the critical load location is constant
with the variation of the five non-influential vahles. The fractional factorial design &fs _q
33

is the method used to study the impact of variabligisin a practical size of validation matrix.

The validation matrix used for all trucks and axikesummarized in Figure 4-4 (a). Note that
fractional factorial design is a statistical methihét allows for fractionation of a complete
experimental factorial, while still balancing thradtion.
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Validation#1 | Validation#2 | Validation#3 | Validation#4 | Validation#5 | Validation#6 | Validation#7 ]| Validation#8 | Validation#9
Shoulder Type) PCC AC Widened Lane PCC AC Widened Lane PCC AC Widened Lane
PCC thickness, in., 10" 10" 10" 12" 12" 12" 8" 8" 8"
Base/subbase thickness, in. 16" 26" 4" 26" 4" 16" 4" 16" 26"
k-value, psi/in.| 100 30 200 200 100 30 30 200 100
o.AT/D, x10° in”! 10 5 15 10 5 15 10 5 15
Location increment, in.| 12 24 24 24 24 24 24 24 24
(a) Validation matrix
8
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Lo ocaton,in. Load ocaton, . Load ocation .
Validation#1 Validation#2 Validation#3
g g g
g g g
£ 20 £ uof e
: £ H
H ol H
8 8 2
i w0 i i 100
H LS H
012 036 060 084 108 132 156 ¢ 012 036 060 084 108 132 156 ¢ 012 036 060 108 132 156
Loa focaon, n. Load ocaton,in. Lond caton,in
Validation#4 Validation#5 Validation#6
5 2504 B 5 %00
H H £ 20
[ § o H
H S
o o
w2 | o oo om e 12 1 o2 o | oo om | wms w2 s w2 s o o w1
Loa focaon, n. Lo ocaton,in. Lond caton,in
Validation#7 Validation#8 Validation#9

(b) Example validation and determination (bottom stesses,

M

16, 177-in. joint spacing)

84in.

(c) Physical meaning of determined critical load location

100
* /\

Longitudinal stress, ps

0 177 354 531

Location along wheel path, in.

708

885

(d) Longitudinal stress profile and location of criical stress at critical load location for validation case 1

Figure 4-4: Validation and determination of critical load location
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Figure 4-4 (b) illustrates an example of the asdiwonpvalidation process used in the

determination of the critical load location for twyh stresses for MI-16 on 177-in. joint spacing
pavements. Stresses were computed for load losa@dong the wheel path for the nine

validation cases as identified in Figure 4-4 (apnf the analysis results in Figure 4-4 (b), the
non-influential variables were found to impact gtieess magnitude; however, the non-influential
variables did not significantly impact critical docation. For this example, the critical load

location was approximately 84 in. for all the nireses irrespective of the variation of the non-
influential factors. Figure 4-4 (c) illustrates tiphysical meaning of the computed critical

location in Figure 4-4 (b). An example stress peofor validation case 1 and the corresponding
critical stress location are illustrated in Figdrd (d). More example illustrations can be seen in
Figures 4-5 and 4-6.
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Figure 4-5: Example validation and determination (lmttom stresses, MI-9, 177-in. joint spacing)
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Figure 4-6: Example validation and determination (lmttom stresses, MI-20,

Table 4-1: Summary of critical load locations

177-in. joint spacing)

Load configuratio

For critical stress at the bottom of the PCC

Fdiaal stress

at tl

he top of the PCC

177 in. joint spacing

315 in. joint spacind

177 winf spacing

315 in. joint spacing

Single axle axle center at the midglab axle centéreamidsla axle at the joint axle at the joint
Tandem axle | axle center at the midglab axle centdveanidslap 1st set of two wheels at the jpint &b two wheels at the joift
Tridem axle axle center at the midsjab axle centéneamidslap 1st set of two wheels at the jpint Zido$ two wheels at the joint

Quad axle axle center at the midglab axle centdreamtidslalp 1st set of two wheels at the jpint 4thoéévo wheels at the joirjt
Multi-axle 5 axle center at the midslab axle centeha midslap 1st set of two wheels at the jpint g#thof two wheels at the joipt
Multi-axle 6 axle center at the midslab axle centeha midslab 1st set of two wheels at the jpint €thof two wheels at the joint
Multi-axle 7 axle center at the midslab axle centeha midslap 1st set of two wheels at the jpint s&hof two wheels at the joint
Multi-axle 8 axle center at the midslab axle centeha midslap 1st set of two wheels at the jpint fthof two wheels at the joint

MI-2 108 in. from the joint 48 in. from the joint 24.ifrom the joint 240 in. from the joint
MI-7 at the joint 36 in. from the joint 96 in. fromehoint 192 in. from the joint
MI-8 60 in. from the joint 96 in. from the joint 60.ifrom the joint 264 in. from the joint
MI-9 132 in. from the joint at the joint 60 in. frorhe joint 264 in. from the joint
MI-11 144 in. from the joint 36 in. from the joint 60. from the joint 264 in. from the joint
MI-12 144 in. from the joint 48 in. from the joint 48. from the joint 264 in. from the joint
MI-13 144 in. from the joint 156 in. from the join{ 48. from the joint 264 in. from the joint
MI-16 84 in. from the joint 252 in. from the joint 156. from the joint 180 in. from the joint
MI-17 72 in. from the joint 156 in. from the join{ 14d. from the joint 180 in. from the joint
MI-19 144 in. from the joint 36 in. from the joint 48. from the joint 276 in. from the joint
MI-20 144 in. from the joint 36 in. from the joint 48. from the joint 252 in. from the joint
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It is important to note that this process needsbéo repeated for every axle and truck
configuration, joint spacing, and stress locatimp @nd bottom of the PCC slab) as these factors
are considered influential in affecting criticabhbblocations. Critical load locations for all eight
axle configurations and 11 truck configurations atenmarized in Table 4-1. Critical load
locations for axle configurations were found taméhe vicinity of the middle of the slab and the
transverse joint for stresses at the bottom andofajpe PCC slab, respectively. However, no
typical location was found for critical load loaats for truck configurations due to the complex
combinations of the axles and axle spacings witick configurations.

4.3 Documentation of Analysis Results

Impact of structural factors, environmental factdéogsding factors, and interaction between these
factors on three types of mechanistic responsasgitladinal stress at the bottom of the PCC slab,
transverse stress at the bottom of the PCC slabloagitudinal stress at the top of the PCC slab
is investigated.

Impact of structural factors

Figures 4-7 (a) through (f) are example illustnasiaf the impact of structural features on the
longitudinal stress at the bottom of the PCC slatben various conditions as stated in the figures.
Note that these figures represent MI-16 loading (Bgyure 4-7 (c) for configuration), 16-in.
base/subbase, 100-psi/in. k-value, PCC shouldet, 1a17-in. joint spacing unless identified
otherwise. All the figures show that PCC thicknkas a significant impact in reducing stresses.
In addition, the figures show that the changes tmesses due to changes in base/subbase
thickness, k-value, and lateral support conditippear to be less relevant as the PCC slab
becomes thicker. Also, joint spacing does not apfiehave significant impact on edge stresses.
Impact of lateral support condition will be discedsn detail later. Figures 4-7 (d) and (f) show
an interaction of k-value and joint spacing witkerthal gradients, which is to be discussed later.
Although the magnitude of longitudinal stress &t ltottom of the PCC slab were found to vary
with combinations of input parameters, similar ttenvere observed in sensitivity plots over the
entire experimental matrix. Similar trends wereeasted for the transverse stress at the bottom
of the PCC slab with the exception of the impacjoaft spacing, which was found to have no
significant impact on the transverse stresses, aneer the influence of a thermal gradient. An
example critical location of stress is illustratedrigure 4-7 (Q).

The impact of structural features on longitudirte¢ss at the top of the PCC slab is illustrated in
Figures 4-8 (a) through 4-8 (f). Note that theggies represent MI-16 loading (see Figure 3-4
(b) for configuration), 16-in. base/subbase, 10@0psk-value, PCC shoulder, and 177-in. joint
spacing the same conditions as previous parts sirdestified otherwise. It can be seen in these
figures that the magnitudes of longitudinal stressethe top of the PCC slab are lower than the
longitudinal stresses at the bottom of the PCC #liaktrated in the previous part. However, the
trends observed for these stresses are similgholild be noted that negative thermal gradients
are considered in Figures 4-8 (d) and 4-8 (f), ssitihe critical location of stresses is at the tbp o
the PCC slab in these figures. An example criticehtion of stress is illustrated in Figure 4-8

(9)
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Impact of loading factors

Figures 4-7 (h) and 4-8 (h) are example illustragi@f the impact of the load configurations
(axles and trucks) on the magnitude and normalizexfnitude (by total weight of the
configuration) of longitudinal stresses at the twsitand top of the PCC slab, respectively. In
order to compare the contribution of each axle fgaerying different weight) on loading stress,
it is necessary to express the stress as psi/kigan be seen that the normalized stress
magnitudes are lower as the axle configuration® maere load carrying wheels, implying that at
the same stress level, a multi-axle can carry leedvads than a single or tandem axle. However,
the impact of truck configurations is not showrthese figures because each truck configuration
makes various numbers of passes at the point @fesit on the pavement slab. For example, the
truck type MI-16 (see Figure 3-4 (b)) will resutt four peaks of stresses corresponding to one
single axle (driving axle), one quad axle, and taradem axles. Hence, normalization based on
total weight is not valid. The normalization sholle based on the number of passes made by
each axle group.

Impact of load lateral placement on mechanistipoases is presented in Figure 4-9 (a). Stresses
were calculated for several load locations acrbsslane width. It was found that the PCC
shoulder resulted in the lowest stresses amonthtke lateral support conditions considered in
the study for the load located along the wheel .p#ttwas found that the magnitudes of
longitudinal stresses for AC shoulder (12-ft langhwAC shoulder) were higher than that for
widened lane (also AC shoulder but with 14-ft larE)is could be attributed to the fact that a
widened lane (14 ft.) creates a pseudo-interioditaga condition (the wheel path shifted 2 ft
towards the centerline, resulting in the reductdrstresses from edge loading). An example
sensitivity plot of temperature-induced stressegigure 4-9 (b) illustrates that lateral support
condition does not have a significant impact on gerature-induced stress in longitudinal
direction. A series of sensitivity plots of the iagb of lateral load placement on stresses for
different lateral support conditions are presetmefippendix G.
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Figure 4-7: Example sensitivity plots of longitudiral stresses at the bottom of the PCC slab
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Figure 4-8: Example sensitivity plots of longitudiral stresses at the top of the PCC slab
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Figure 4-9: Impact of lateral support condition

Impact of environmental factors

Environmental factors in this study are accounteterms of thermal strain gradient (the product
of CTE with positive or negative thermal gradienss illustrated in Figures 4-10 (a) and (b), a
positive gradient causes a downward curling of slad, while a negative gradient causes an
upward curling of the slab. The increase in maglataf thermal gradient results in the increase
in the magnitude of stresses, when positive andithegthermal gradients are considered in
computation of stresses at the bottom and top@PGC slab, respectively. As observed in the
previous section (Figures 4-7 (d) and 4-8 (d)),rttagnitude of the longitudinal stress appears to
be impacted by the interaction between the therstrain gradients, k-value and pavement
thickness. This interactive trend is supported bg turling stress equations by Bradbury
(Huang, 1993), where thermal curling stress israction of finite slab correction factor. This
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factor generally increases with the increase irrdéie of joint spacing (for longitudinal stresses)
to radius of relative stiffness.

(a) Downward curling of slab due to a positive themal gradient

(b) Upward curling of slab due to a negative thermbgradient

Figure 4-10: Slab curling due to different types othermal gradients (Yu et al, 2004)
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Boundary support condition along the longitudinahjs of the slabs is characterized through
AGG factor in ISLAB2000 program. It is crucial thah appropriate value of AGG factor is
selected to represent the load transfer mechaibm AGG factor can be empirically estimated
as follows (Crovetti, 1994):

1 0849
——-001
AGG=|LTE K-l (4-1)
0.012
Where AGG = AGG factor
LTE = Load transfer efficiency, percent
1 = Radius of relative stiffness, in
Kk = Modulus of subgrade reaction

The radius of relative stiffness is defined asdiak:

| E-h®
I:4M (4-2)

Radius of relative stiffness, in
Elastic modulus of layer 1
Thickness of layer 1
Poisson's ratio for layer 1
Modulus of subgrade reaction

Where

l
E
h
1)
Kk

In general, the typical values of LTE for tied PGkbulder and untied AC shoulder vary from

25-90 % and 0-40 %, respectively. Based on equdtibnthe ranges of AGG/kvere calculated

as 0-0.77 and 0.34-16.5 for tied PCC shoulder anbdi AC shoulder, respectively. Based on
the inputs in the parametric study, the range /oV&ries from 1188 to 8286 psi. A sensitivity
study of the effect of AGG factor on magnitude dfe stresses is conducted for ranges of AGG
factor from 5 to 7,000 psi (AC shoulder and widefat) and from 300 to 2,500,000 psi (PCC
shoulder). Based on these results, the AGG factiot000,000 psi and 1,000 psi are selected for
tied PCC shoulder and untied AC shoulder for theupatric study, respectively. Note that this
sensitivity study is conducted for 177-in. jointaspig and 18-kips single axle at flat slab
condition. Several sensitivity plots are generaedllustrated in Figures 4-11 (a) through 4-11
(c). It can be seen that the stress magnitudetisigoificantly sensitive to AGG factor for PCC
shoulder and widened lane, while for AC shoulder\hriation in stress magnitude could be up
to 10% from stress magnitude computed based oseleted AGG factor (1,000 psi).

A complete documentation of interaction betweerdabign parameters in the parametric study
can be seen in Appendix F. Summary of the intewagd summarized in Table 4-2.
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Figure 4-11: Effect of longitudinal joint AGG factor on stress magnitude
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Table 4-2: Summary of interaction between parameter on stresses

Parameters

Slab condition

Response type

Effects ofnedeas

PCC thickness versus base/sub
thickness

pase

Flat slab

Longitudinal at bottom of PC

Thicker base/subbase thickness results in lower stred
[Smaller magnitude of stress reduction was observed
thicker PCC

5, bu
with

Longitudinal at top of PCC

Transverse at bottom of PC

Same as that for longiadistress at bottom of PCC
C Same as that for longalidtress at bottom of PCC

Curled slab

Longitudinal at bottom of PC

[base/subbase thickness results in higher stressitndeg

\Vith higher temperature differential (thicker PCC), thegk

Longitudinal at top of PCC

Same as that for longiadistress at bottom of PCC

Transverse at bottom of PC

C Same as that for longalidtress at bottom of PCC

PCC thickness versus modulusi]

subgrade reaction

Flat slab

Longitudinal at bottom of PC

Higher value of modulus of subgrade reaction resul
lower stress value. There is no significant interad
between these parameters observed.

s in
tion

Longitudinal at top of PCC

Transverse at bottom of PC

Same as that for longiadistress at bottom of PCC
C Same as that for lonigalidtress at bottom of PCC

Curled slab

Longitudinal at bottom of PC

Higher value of modulus of subgrade reaction resul

[Subgrade reaction is larger as temperature differd
increases (PCC thickness increases), and eventual
change in stress will remain constant.

s in

higher stress value. Change in stress due to modafus

bntial
y the

Longitudinal at top of PCC

Same as that for longiadistress at bottom of PCC

Transverse at bottom of PC

C Same as that for longilidtress at bottom of PCC

PCC thickness versus lateral sup
condition

bort

Flat slab

Longitudinal at bottom of PC

Higher stress value is observed in pavement with
[Shoulder. There is no significant interaction betweend
parameters observed.

AC
hes

Longitudinal at top of PCC

Same as that for longiadistress at bottom of PCC

Transverse at bottom of PC

The magnitude of stress are about the same for all
Tateral support conditions. There is no significant intgic
between these parameters observed.

three

Curled slab

Longitudinal at bottom of PC

Higher stress value is observed in pavement with
[Shoulder. There is no significant interaction betweend
parameters observed.

AC
hes

Longitudinal at top of PCC

Same as that for longiadistress at bottom of PCC

Transverse at bottom of PC

Higher stress value is observed in pavement with Wid
Tane. There is no significant interaction between t

Ened
hese

parameters observed.
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Table 4-2: Summary of interaction between parametey on stresses (continued)

Parameters

Slab condition

Response type

Effects of parameters

Product of CTE with thermal gradi
versus base/subbase thickness

177-in. joint spacing, curled slab

Longitudinal at bottom of PC

[these parameters is observed that increase in

gradient is more intense with thicker base/subbase

Longitudinal at top of PCC

Transverse at bottom of PC

Same as that for longitudinal stress at bottom of PCC
[C Same as that for longitudinal stress at botto@ of PC

315-in. joint spacing, curled slab

Longitudinal at bottom of PC

lrtesults in increase in stress magnitude. However|

for this 315-in. joint spacing.

Longitudinal at top of PCC

results in increase in stress magnitude. However|

for this 315-in. joint spacing.

Transverse at bottom of PC

C Same as that for 177-in. joint spacing

Product of CTE with thermal gradi

177-in. joint spacing, curled slab

Longitudinal at bottom of PC

lthese parameters is observed that increase in

[magnitude due to increase in product of CTE with the
gradient is more intense with higher value of modubff
subgrade reaction

Longitudinal at top of PCC

Same as that for longitudinal stress at bottom of PCC

Transverse at bottom of PC

[C Same as that for longitudinal stress at bottoi@ of PC

versus base/subbase thickness

315-in. joint spacing, curled slab

Longitudinal at bottom of PC

ltesults in increase in stress magnitude. However|

intense as that for 177-in. joint spacing.

Longitudinal at top of PCC

results in increase in stress magnitude. However|

intense as that for 177-in. joint spacing.

Transverse at bottom of PC

C Same as that for 177-in. joint spacing

Product of CTE with thermal gradi
versus joint spacing

Curled slab

Longitudinal at bottom of PC

[these parameters is observed that increase in
magnitude due to increase in product of CTE with the
gradient is more intense with longer joint spacing.

Longitudinal at top of PCC

Same as that for longitudinal stress at bottom of PCC

Transverse at bottom of PC

significant impact on stress magnitude.

Increase in product of CTE with thermal gradient lineprly
results in increase in stress magnitude. Interaction bejween
Istress
magnitude due to increase in product of CTE with thefmal

Increase in product of CTE with thermal gradient lineprly

the

linteraction observed for 177-in. joint spacing is not obsdrved

Increase in product of CTE with thermal gradient lineprly

the

interaction observed for 177-in. joint spacing is not obsgrved

Increase in product of CTE with thermal gradient linejrly
results in increase in stress magnitude. Interaction bejween
Istress

mal

Increase in product of CTE with thermal gradient linejrly

the

linteraction observed for this 315-in. joint spacing is ndt as

Increase in product of CTE with thermal gradient linejrly

the

interaction observed for this 315-in. joint spacing is nqt as

Increase in product of CTE with thermal gradient lineprly
results in increase in stress magnitude. Interaction bejween
Istress

mal

Increase in product of CTE with thermal gradient lineprly
[Cesults in increase in stress magnitude. Joint spacing Has no



4.4 Possible Application of Analysis Results

Although pavements experience a wide variety aésstrmagnitudes, the preliminary results
obtained from the parametric study can be usedbtairo pavement cross-sections that will likely
have the same stress level. Through the applicafidhe interpolation scheme (to be discussed
in the Chapter 5), several pavement design alieesatvith the same level of loading stress can
be obtained. For example, three cross-sectionsguré-4-12 have different design parameters,
but they experience the same level of stress. dppsication offers the pavement engineers more
design alternatives with the same behavior (regjofi®m the mechanistic standpoint. An
extensive set of equivalent stress cross-sect®psesented in Appendix H.

PCC
AC shoulder AC shoulder Shoulder

Figure 4-12: Example illustrations of equivalent stess sections
(100 psi stress level under 18-kips single axle)
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Chapter V
INTERPOLATION SCHEME

Interpolation scheme is a statistical procedural useapproximate unknown values (non-nodal
points) in the vicinity of known values (nodal ptsh Interpolation scheme in this project is used
because it is required to obtain mechanistic resp®for all the combinations of the non-discrete
inputs, not addressed in the final experimentalrimaihe experimental matrix includes all
possibilities of all the discrete design inputs: P@hickness, joint spacing, lateral support
condition, and load configuration. However, onlyel values were specified for each of these
non-discrete inputs in the final experimental matri

e k-value (30 psi/in., 100 psi/in., 200 psi/in.),
e Base/subbase thickness (4 in., 16 in., 26 in.),
e Thermal strain gradients (0 th.+10x10° in.*, £20x10° in.™).

Since the interpolation process in this study isdugo approximate the results that are not
directly analyzed by the FE model across rangeth@fthree non-discrete input parameters:
modulus of subgrade reaction, base/subbase thigkttesmal strain gradient, this interpolation
scheme is a three-dimensional process.

5.1 Least-Squares Criteria

The statistical method least-square approximapooposed by the German mathematician Carl
Friedrich Gauss in 1795, is applied to develop evaluate interpolation schemes in this study.
In general, the method is unbiased and algebrgipativides an approximation to a dependent
(response) variablg that has the lowest variance. This research dtumses on three response
variables: longitudinal stress at the top of theCP{©ngitudinal stress at the bottom of the PCC,
and transverse stress at the bottom of the PCGh &inear model, coefficieny for the least-
squares solution satisfy the normal equations:

6( ; eizj
L: 0,j=0,1,2 ..m (5-1)
op

whereY is the value of variabl¥ at pointi, y, = 8, + B,- X + B, X’ + ;- X> +...+ B, - x"is the

predicted value at poirit € =Y, -y, is error of the predicted value, and,x’,x’,..x" are
independent (predictor) variables evaluated attppir= 1, 2, ... n.

The matrix formulation of the solution in the narggillar case is:

Vi =B+ B X+ B X+ By X+ A X" =% (5-2)
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%=l X ¥ .. x| (5-3)

B
B

Fe{mb=lxm x] x 54
B
| 1o X e X
Xl 11 x X - X

X=1%p=11 % & .. (-5)
1o ox X
Y
Y2

Y =1Y, (5-6)
Yn

The matrix formulation of the least-squares cries used to describe the interpolation process
which will be discussed later.

5.2 Development of Interpolation Scheme

First, a sensitivity study was conducted to inygge the impact of the three non-discrete input
parameters. The impact of modulus of subgrade imaeind base/subbase thickness on the
magnitude of stresses were found to be highly nwat as the change in the slope of the
relationship was observed. On the other handairtiiials showed the impact of thermal strain
gradient to have little curvature. Therefore, itherpolation process is divided into two steps:
(i) two-dimensional interpolation based on knowrctaor results obtained from the FE model
across ranges of base/subbase thickness and moafukishgrade reaction at each level of
thermal strain gradient, and (ii) one-dimensiomaéipolation based on the interpolated results
from step 1 across range of thermal strain gradig@hie interpolation is illustrated in Figure 5-1.
Using the least-squares criteria, several intetfpolaschemes were developed and compared as
discussed later. The prototype of the interpolasicmeme is explained below in matrix form.

Step I
o(H* k¥, o) = X*-p (5-7)
Where a(H*, k*, o )is mechanistic response for the target combimatibbase/subbase

thickness and modulus of subgrade reaction at leyvef thermal strain gradient
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Where

Where

X *is the vector of predictor variables

X*:{l H* H*2 In(kY H*In(k*) H*2-In(k" ki

H* H} (5-8)
k* k*

H* is target base/subbase thickness
k* is target modulus of subgrade reaction
a,is anchor value 0 iff.of thermal strain gradient

a,is anchor value +10x10in." of thermal strain gradient
a,is anchor value +20x10in." of thermal strain gradient

pis least-squares coefficient vector

Po
By
B,
Ps
Bt =[XT-x[' X" (59)
Ps
Bs
s
Pe

>
I

LN}

X)) 111, 12 o) Hinl) HE-Infl) :
X(H,,k,) ,
X(Hl’k3) 1 Hz Hz2 In(kl) Hz'ln(ki) sz In(kl) .
X(H, k)
X=1X(H,k,)p=|1 H, HZ In(k,) H,-In(k,) HZ-In(k,)

>?(HZ’k3) 2
X(Hsrk1) 1 H, sz In(ks) Hz'ln(k3) sz ln(ks) 2
el (s e k) st e :

CAN]

1 H, HZ In(k,) H,-In(k,) H2-In(k,)

RN

1 H, HZ In(ky) H,-In(ky) HZ-In(k,)
L (5-10)

x‘INx‘I;‘Iwx‘INx‘N‘_I;Hx‘wa‘INx‘HIN;‘I

Bl el o F O e e R ol F SRl IR g T
g\—‘wI = ‘w_—u_;‘w_t = ‘NI = ‘NIHA—‘NI = ‘:_r = ‘HIJ‘HI

(5

H is anchor value base/subbase thickness of 4 in.

H, is anchor value base/subbase thickness of 16 in.

Hs is anchor value base/subbase thickness of 26 in.

k; is anchor value modulus of subgrade reaction qis3n.
ko is anchor value modulus of subgrade reaction 6fddl/in.
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ks is anchor value modulus of subgrade reaction 6fin.

On
O12
O13
O
6=10, (5-11)
O3
O3
O3
O33
Where o; is known anchor value stress from FE analysis; atnid k
Step 2
o(H* k*, a*)=a*y (5-12)
Where a(H*,k*, a*)is mechanistic response for the target combinatfdrase/subbase
thickness, modulus of subgrade reaction, and ptafug AT/D)
a * is the vector of predictor variables baseOnT/D)
5*:{1 a* a*z} (5-13)
7] |1 a of - o(H* k*, o)
y=171=|1 a, a| {o(H* Kk, a,) (5-14)

v) 1o ] o(HY K a)

H=26 | _
H=16 k=100
H=4
k =200
a=0 « X % O, <
¢ >
o * Final interpolated result
«
=10 v MRS 4 0,0 S
* o e
L 'S » *
*
o=20 X (o ? 2 o, o
X »
4
Step 1 Step 2

Figure 5-1: Interpolation process
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Several interpolation schemes were developed fatigwhis prototype with different terms used
in the prediction vectors (8) in step 1 and (13%tep 2. Examples of prediction vectors used in
some of the schemes developed in this study aengiv Table 5-1. It should be noted that the
natural logarithm of modulus of subgrade reactiod the interaction terms with base/subbase
thickness in the prediction matrices for schemesiid 16 are similar to terms suggested in the
Westergaard’s closed form stress equations (HUES®). A significant drop in error due to the
use of these terms was observed. Comparing thepadaeed results with FE results at non-nodal
points validates these two interpolation schem@¢so note that the solutions to the normal
equations for schemes 15 and 16 produce perfecatfithe nine nodal points corresponding to
each level of the product(AT/D). Several more schemes have also been invesdigilost of
these schemes that contain high order interaction(s) in “step 17, e.g. Hk*?, H*k* 3, H*3k*,
were found to result in low predictive power.

Table 5-1: Example prediction matrices

Scheme No. Prediction Matrix for Step 1 Prediction Matrix for Step 2
Scheme 5 1@ & @Y & ER) {1 a*}

Scheme 6 1 @) k9 @D KD EHE) HEHDS) {1 o)
Scheme 9 {1 (HY &9 HY & @K EH%D) {1 a*}
Scheme 10 {1 @\ &) @Y @) @Y EHE) (1 %
Scheme 15 | {1 (H® H*® (hkY) Hhk) Lk (Uk*) YK %) {1 a*}
Scheme 16 | {1 (H*) @*)° (k¥ (k¥ @E¥nk®) (Uk%) @k% ) 1 a* o)
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5.3 Validation and Goodness of Fit

The validation process is illustrated in Figure®2 &nd 5-3. This process involves obtaining FE
results at non-nodal points that were not usedewekbping interpolation schemes. Error is
defined as the difference between the interpolegedit and the FE result directly obtained from
the ISLAB2000.

Identify statistical
terms to beused in
interpolation scheme

'

Construct an interpolation
scheme based on the identified
statistical terms using the
analyzed stresses from the

Identifv variable
combinations for an
experimental matrix

| SLAB2000 analysis |

Interpolated stress results
(for variable combinations
in the experimental matrix)

Comparison of results from |
’ the two approaches —MSE

Figure 5-2: Validation procedure

| Actual stress results |

Generate 20 interpolation schemes based o
various prediction matrices in steps 1 & 2

First-stage test: test all interpolation scheme
based on limited 20 variable combinations

Select best four interpolation schemes
for second-stage validation

J

Second-stage test: 12,348 variable combinatigns
| (focus on single axle, tandem axle, tridem axlg)

Select best two interpolation schemes
for third-stage validation

J

Third-stage test: 500 random combinations)
(focus on all axle configurations)

Figure 5-3: Overview of validation process
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More than 12,000 non-nodal FE results have beeairaat and used to validate and select from
interpolation schemes. The three stages of thdat&din process are as follow:

Validation _Stage 1 In the first stage, all interpolation schemes thetre developed are
validated with a limited number of non-nodal pointse validation matrix covers 20 non-nodal
points with variations of all three non-discreterigbles for a fixed combination of discrete
variables (10-in. PCC thickness, 16-in. base/subliagckness, 177-in. joint spacing, PCC
shoulder, and single axle edge loading). Non-npa#aits at the middle in between the anchor
values are considered in this validation stage s&hen-nodal points are believed to result in
large magnitudes of errors since they are far fthe anchor values. Mean square of errors
(MSE), bias, and variance are the measures of dbdrgess of fit of the interpolation schemes
considered in this study, which will be discussated. These values were calculated for the
errors (difference between the FE results and potated results) obtained from the validation
process. Figures 5-4 (a) through (e) illustratevidedation results at the first stage for six most
promising interpolation schemes. The comparisowéet FE and interpolated results illustrated
in Figure 5-4 (a) suggests that all these scheraes high predictive power. However, based on
MSE, bias, and variance in Figures 5-4 (b) thro{@hschemes 5, 6, 15, and 16 appear to be the
best four performing interpolation schemes, andseqoently are selected for the next stage of
validation.

Validation Stage 2 The validation matrix for this stage consists @348 non-nodal points.
The experimental matrix of “validation stage 2"ascomplete factorial of all discrete variable
and five values of each of the three non-discreteables (including two mid points). The
process focuses on single, tandem, and tridem #&oxtesl non-discrete and discrete variables.
The middle points between nodal points are alsal éisethis validation stage. The validation
results are illustrated in Figures 5-5 (a) throgh Based on the validation results, the two best
performing schemes are 15 and 16.

600

— 500+ A
(%2}
o
" X
£ 400 A
(2]
o A X

i X
7 300 -
s
2 200
Q
IS

100 |
0 T T T T T
0 100 200 300 400 500 600

Finite element results, psi

* Scheme 58 Scheme 6a Scheme 9x Scheme 10> Scheme 15 Scheme 16
(a) Comparison between FE and interpolated results

Figure 5-4: Validation results — stage 1
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Goodness of Fit
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Figure 5-4: Validation results — stage 1 (continued

Scheme 16
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Absolute bias, psi

Intepolated results, psi
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(e) Comparison of absolute value of bias
Figure 5-4: Validation results — stage 1 (continued
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(a) Comparison between FE and interpolated results
Goodness of Fif Schemd 5 Schenje 6 Schenje 15 Schdme 16
MSE, psf 16.47 41.43 4.15 3.11
Variance, p§i 16.40 28.39 4.14 3.11
Absolute Bias, pgi 0.25 3.61 0.11 0.01

(b) Summary of goodness of fit

Figure 5-5: Validation results — stage 2
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Figure 5-5: Validation results — stage 2 (continued
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Validation Stage 3 Instead of using the middle points between nodaitpan the validation
process, this validation stage considers non-n@aéhts that are randomly selected. This
validation stage is based on 300 cases for sifgtaugh tridem axles and 200 cases for quad
through multi-axle (8). The validation results gtrated in Figures 5-6 (a) and (b) and Table 5-2
suggest that scheme 16 is the best performingpioliEtion scheme. It should be noted that the
only difference between schemes 15 and 16 is thdigiton matrix in step 2. The values of
MSE, bias, and variance obtained from this val@astage were found to be larger than those
obtained from the other stages. Since the valueslifthree non-discrete variables are randomly
selected, this validation stage should produce @ mealistic result compared to the other stages.
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(b) Comparison between actual and interpolatedesults

Figure 5-6: Validation results — stage 3 (single #xthrough multi-axle (8))
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Table 5-2: Comparison of MSE, bias, and variance

- Longitudinal stress at bottom Transverse stresstibin
Cases No. Statistic Result |
Schemel5 Schemel6 Schemel5 Schemelp
1-500 MSE, psf 11.51 8.89 16.40 15.93
Bias, psi 1.02 0.51 -0.89 -1.21
Variance, p$i 10.46 8.63 15.61 14.47
1-300 MSE, psf 3.90 3.38 9.70 8.77
Bias, psi 0.16 0.02 -0.36 -0.59
Variance, pSi 3.87 3.38 9.57 8.41
301-500 MSE, psf 22.93 17.15 26.46 26.67
Bias, psi 2.32 1.25 -1.68 -2.13
Variance, pi 17.53 15.60 23.63 22.14

MSE, which is given by the average of the squarmedre (differences between actual and
interpolated values), is an overall measure of geed of fit. MSE represents the overall
measure of goodness of fit, estimated by the aeecdgsquare of errors (difference between
actual and interpolated values). The MSE can berdposed into two parts: square of bias and
variance. Bias is the average value of errors,ewsriance is the average of squared deviation
of errors from average error. Based on the reduts validation stage 3, scheme 16 was found
to be most promising. Figures 5-6 (a) and (b) mlevior a comparison between actual and
interpolated values based on these schemes. Tigasesfsuggest that the interpolation schemes
can be a reliable alternative for approximating nagdstic responses. Table 5-2 also shows that
the interpolated results for single through tridartes are exceptionally accurate and precise.
The biases and variances associated with the lahgdl stress at the bottom of the PCC slab for
scheme 16 are 0.0 psi and 3.3& psispectively. Overall maximum absolute biasestas this
scheme are 0.6 psi and 2.1 psi for single throudgerh axles and quad through multi-axle (8),
respectively.

As the validation process has been completed, ntezpiolation scheme is used to generate a
catalog of stresses by assigning a series of $edesign inputs that are not addressed in the
experimental matrix into the interpolation scheriibe catalog of stresses can be found in
Appendix .

5.4 Example Use of Interpolation Scheme

Interpolation schemes can simply be implementedayying out the mathematical expressions
as described earlier. For example, the longitudstiss is estimated at the bottom of the PCC
slab. The pavement cross-section includes a 275{fftnn.) PCC slab, 500-mm (20-in.)
base/subbase thickness, 40.7-kPa/mm (150-psiAva)ue, 8.0-m (27-ft) joint spacing, tied PCC
shoulder, thermal strain gradient of 6X1®m™* (15x10°in.™), 142-kN (32-kips) tandem axle.

Step 1:Interpolation in 2-D space across the ranges sé/sabbase thickness and k-value

Prediction vector was computed based on H* and kilaatarget point (equation 5-8)
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X*:{l 500 500° In(40.7) 500-In(40.7) 5007 -In(40.7) 1 500 5002}

40.7 40.7 407

A nine by nine matrix was computed based eardl k at nodal points (equation 5-10)
100,813)] [1 100 10000 210 210 20956 0.1230 1230 1230]

X
X(10027.1)| |1 100 10000 330 330 32995 0.0369 369 369
X(10054.2)| |1 100 10000 399 399 39927 00185 185 185
X(400813)| |1 400 160000 210 838 335290 0.1230 4920 19680

X =| X(40027.1)|=|1 400 160000 330 1320 527925 0.0369 1476 5904
X(400542)| |1 400 160000 399 1597 638829 0.0185 738 2952
X(650813)| |1 650 422500 210 1362 885374 0.1230 7995 51968
X(65027.1)| |1 650 422500 330 2145 1394053 0.0369 2399 15590
| X(65054.2)| |1 650 422500 399 2595 1686908 0.0185 1199 7795

Anchor stresses were obtained from FE analysis;aand k for a=0, 4 and 8x10 mm*
(equation 5-11)

10926 21928 32931
7522 23126 38572
6193 23208 39894
10740 21822 32904

&, ,=17389 | kPa &, , =122985} kPa &, =138571! kPa
6080 23059 40352
10171 21509 32847
6983 22559 38135
5737 22668 39693

Then, stresses at target thd k* corresponding to the three levels ofwere computed
(equations 5-7 and 5-9)

#(50040.7,0)= X * -[[xT X[xT -6a=oJ= 6475 kPa
o(50040.7,4)= X * -[[xT : x]‘l X7 '&sz 22925 kPa
o(50040.78)= X * -[[xT : x]‘1 X7 '&sz 39542 kPa

Step 2:Interpolation in 1-D across the range of thernais gradient

Prediction v{elctor wa}s computed basedwmt the target point (equation 5-13)
a* = 6 6°

A least-squares coefficient vector was computecedam o; at nodal points and computed
stresses obtained from step 1 (equation 5-14)
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-1

10 0 6475 647.5
7=|1 4 16| -{22925;=<4091
1 8 64 39542 0.526

Then, the target stress at H*, k* amtiwas computed (equation 5-12)
6475

o(H* k*, a*)={l 6 36}-{4091;=31212 kPa
0.526

The stress computed using interpolation schemdl24.2 kPa (452.353 psi), while the result
directly obtained from FE analysis is 3121.8 kP22(436 psi). The error of interpolated result in
this example is 0.6 kPa (0.1 psi) or 0.02%.
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Chapter VI
POTENTIAL IMPLEMENTATION OF STUDY RESULTS

The mechanistic responses obtained from the par@nséidy not only provide an opportunity
to study the interaction between structural, emrmental and loading factors on the mechanistic
responses as discussed in previous chapters hutcais be directly applied to mechanistic-
empirical design process of JCP. This chapter wevieghe mechanistic-empirical design
procedure for JCP and also illustrates how mechtiamesponses are used in the process.

6.1 Mechanistic-Empirical Design Concept

The concept of mechanistic-empirical design prote$s relate mechanistic responses to certain
pavement performance that are considered in deBmneach type of performance (e.g. fatigue

cracking), the design process is based on damdgelatad using mechanistic responses (e.g.
longitudinal stresses at bottom of the slab) araimelated over the entire analysis period as a
function of pavement structural features, mategpralperties, axle weights, axle configurations,

and thermal gradients that the pavement actualpemence. The damage calculation is done
using the Miner’s hypothesis as shown in (6-1):

Damgezzzjlzklzllzm:zn:;”ﬂ, (6-1)

ijkimn

where: fmn
Nijkimn
[

Applied number of load repetitions at conditipp k, |, m, n
Allowable number of load repetitions at conditipj, k, |, m, n
Age (year)

Season (winter, spring, summer, and fall)

Axle configuration (single axle, tandem attegdem axle, and etc.)
Load level (kips)

Thermal gradienfi/in.)

Traffic path

[—

k
I
m
n

With the application of interpolation scheme ascdssed in the previous chapter, mechanistic
responses can be computed based on the infornfatie@ach load repetition at the condition i, |,
k, I, m, n. The damage calculation also requireditewhal data from three sources: material
models, hourly axle spectra from WIM (Weigh-in-Mmt) database, and hourly thermal gradient
generated using EICM (Enhanced Integrated ClimMtimdel). The computed mechanistic
responses, then, are used to calculate the allewaishber of load repetitions;ilhn. Figure 6-1
illustrates a schematic overview of the damageutation as a part of the mechanistic-empirical
design process.
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Thermal gradient Axle weights and
obtained from EICM configurations obtained
from WIM data

ISLAB2000®
structural model

Uy

Material properties Design feature

Mechanistic responses
Stress, strain, deflection
o

Axle repetitions obtained Transfer functions, e.g
from WIM data transverse cracking

Cumulative damage
e.g. cumulative FQ

Figure 6-1: Schematic illustration of damage calcuaition process

The allowable repetitions, i, can be obtained by computing mechanistic respangbe
condition i, J, k, I, m and n and inputting the qmmed response into performance transfer
functions. For fatigue cracking, the input to thensfer function is the ratio of tensile stress to
28-day modulus of rupture, R. Several researchave Buggested equations for fatigue transfer
function of plain concrete as follows:

1) Vesic and Sexana (1970):= 225000x R™* (6-2)
2) Portland Cement Association (19715g,,N =11.78-1211x R (6-3)
3) Zero-Maintenance Project (197[Z9g,,N =1761-1761x R (6-4)
4) Khazanovich and Yu (2001)og,,N = 213-R™** (6-5)
5) NCHRP 1-37 A (2004):0g,,N = 2- R™'?? + 0.4371 (6-6)

Figures 6-2 and 6-3 show the comparison of alloevabpetitions and fatigue damage calculated
based on these transfer functions at varying vatfieee R-ratio. It appears that the allowable
repetitions and fatigue damage calculated basetheratigue transfer function suggested in
NCHRP 1-37A (Rao et al, 2004) are more conservahiaa the other models for the range of the
R-ratio between 0.60 and 0.85. For the R-ratiotgrethan 0.85, the results obtained from the
Portland Cement Association model are the mosteruatve.
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Figure 6-2: Comparison of allowable repetitions basd on different fatigue transfer functions
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Figure 6-3: Comparison of fatigue damage based orifterent fatigue transfer functions
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6.2 Weigh-in-Motion (WIM) Data Synthesis

As a part of the demonstration of the fatigue daemeaajculation, WIM data are synthesized for
the Michigan SPS-2 sections (US-23 Northbound) fi®88 to 2000. The hourly traffic spectra
are generated for each month and each axle typ8-towur basis. Figures 6-4 and 6-5 are
examples of the load spectra. The rest of loadtspace available in Appendix J.

Repetitions

> & S S & S
N \,'90\? NS \559%0 P Q¥ ﬂ,‘gpn‘;‘" EX 'bq’@’bb‘ %‘59035 ©
Axle load, Ibs

—a—6am-9am —»—9 am- 12 pm (noon)

—=a— 12 am (midnight) - 3 am—e— 3 am- 6 am
---x--- 9 pm - 12 am (midnight)

---m--- 12 pm(noon) - 3 pm ---e-- 3 pm-6 pm ---a-- 6 pm-9pm

Figure 6-4: Load spectrum from SPS2 sections forsgle axle in July, 1998
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---m--- 12 pm(noon) - 3 pm ---¢---3 pm- 6 pm ---a--6pm-9pm ---%--- 9 pm - 12 am (midnight)

Figure 6-5: Load spectrum from SPS2 sections forandem axle in July, 1998
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The axle repetitions obtained of the WIM databasesammarized in Tables 6-1 through 6-8 for
each axle configuration. These tables show thatonebination of single axle, tandem axle and
tridem axle are majority number of repetitionsttoe SPS-2 sections.

Table 6-1: Summary of single axle load repetitionfom SPS-2 section

Load range, Ibg Time interval
7/98-9/99 10/98-12/98 1/99-3/99 4/99-6{99 7/99-9/99 2a12/99 1/00-3/09 4/00-6/d0 7/00-9/p0 10/00-13/00
0-4999 73,89f 32,139  34,0p7 66,486 64,857 49400 34,017 4292, 68,87 58,896
5000-7999 60,122 30,905 34,364 58,040  58|986 54,168  4p,842,324  58,09B 55,915
8000-10999 214,592 127,964 141,516 225|246 204,159 286,802,597 153,711 219,7B3 208,158
11000-13999 99,740 55,168 65,435 106,207 10,406 9],723,6669 72,201 93,846 94,0p5
14000-16999 44,910 27,668 30,427 48[r37 43026 38,606 848,029,324 38,64 34,699
17000-19999 30,392 16,918 19,144 3213 31365 30,560 8@9,023,05¢ 32,010 26,885
20000-22999 9,427 4683 6960 9,720 9756 9254 4,412 p,144,189 7,118
23000-25999 2,018 1,100 1467 2,264 2,834 14744 1,106 991 471f1, 1,17
26000-28999 50 397 488 5p1 428 496 D76 221 300 275
29000-31999 133 ds 149 158 148 116 73 53 60 54
32000-34999 3p 20 46 4 P9 P6 18 12 20 11
35000-37999 b n 16 9 13 5 4 4 10 3
38000-40999 1 il 1 2 2 3 0 1 0 0
>41000 1 ] | 1 D D 0 0 0
Table 6-2: Summary of tandem axle load repetitionfrom SPS-2 section
Load range, Ibg Time interval
7/98-9/99 10/98-12/98 1/99-3/99 4/99-6{99 7/99-9/99 2a12/99 1/00-3/09 4/00-6/d0 7/00-9/p0 10/00-13/00
0-9999 65,45f 55233  39,4l1 52,386 54,005 531444 31,429 2184, 44,844 38,944
10000-15999 | 113,47 97,811 62,129 100[599 99,644 98,989,7599 70,261 101,59 102,064

0 0
16000-21999 81,719 72,85 50,435 8235 75,736 74,204 487,761,949 81,47P 83,218
22000-27999 73,319 64,7IL7 47,337 7452 644502 ,455 _ 483,4 49,98] 64,718 65,348

1 9

7 [l

9

6

28000-33999 98,3( 91,4B4 65,400 105950 95,230 89,498 21&7, 73,024 96,30 91,3p5

35,275 27,330 44 K21 481277 48,201 8@1,833,37] 49,25
A

34000-39999 41,84 43,991
40000-45999 7,61 4,683 3,391 5,619 6,485 388 3,907 P,16B,774 3,129
46000-51999 695 399 37 5p5 626 99 P87 210 330 339
52000-57999 106 g4 3 [8 D5 62 53 35 55 52
58000-63999 2 2 14 9 .8 17 16 8 11 5
64000-69999 b 3 4 8 2 5 2 2 1 1
70000-75999 L D il 0 1 0 0 0 0 0
76000-81999 L D 0 0 0 0 0 0 0 0
>82000 ( D D D D 0 0 0

Table 6-3: Summary of tridem axle load repetitionfrom SPS-2 section

Load range, Ibg Time interval
7/98-9/9d 10/98-12/98 1/99-3/99 4/99-699 7/99-94/99 aai9/9d 1/00-3/0§ 4/00-6/d0 7/00-9/p0 10/00-14/00

0-17999 7,30p 4,891 1,547 3,049 3,495 41312 21237 2,188 6p,90 3,484
18000-26999 1,340 737 4y5 799 198 534 654 610 686 631
27000-35999 1,507 1,394 9p2 1,438 1,p59 1{317 1,074 1,200 3741, 1,59
36000-44999 4,833 5,160 2,889 6,679 5,88 5]483 3,817 b,357,464 7,24%
45000-53999 4,194 4,160 1,924 3,894 4.p24 3]469 1,605 1,733,667 2,82p
54000-62999 695 5847 244 465 87 443 P06 251 439 343
63000-71999 8y 53 38 7 2 b3 28 32 92 47
72000-80999 1p 3 5 3 11 | 2 1 7 10 4
81000-89999 L D 3 3 4 2 1 1 3 2
90000-98999 B D 0 0 0 0 0 4 3 0

>99000 [( D D D D 1 1 0
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Table 6-4: Summary of quad axle load repetitions fsm SPS-2 section

Load range, Ibg Time interval
7/98-9/99 10/98-12/98 1/99-3/99 4/99-6/99 7/99-94/99 @ar9/99 1/00-3/09 4/00-6/0 7/00-9/p0 10/00-13/00
0-23999 84 67B 319 4%3 5B5 7167 325 B16 103 413
24000-35999 44p 343 289 4b9 448 407 138 382 460 371
36000-47999 631 701 436 7h1 q477 128 n77 403 685 703
48000-59999 2,497 2,887 1,454 3,437 3790 3j071 1,691 D 538,697 3,10p
60000-71999 1,309 1,160 486 1,020 1,p18 1/030 673 916 D 050 5041
72000-83999 8p q2 38 115 B2 5 22 66 157 94
84000-95999 B i 7 6 6 4 2 3 2 11
96000-107999 2 i 1 5 1 7 0 0 1 1
108000-119999 3 4 0 0 1 0 0 0 1 0
120000-131999 0 0 0 0 0 0 0 0 0 0
>132000 D D D 0 0 0 0
Table 6-5: Summary of multi-axle (5) load repetitims from SPS-2 section
Load range, Ibg Time interval
7/98-9/99 10/98-12/98 1/99-3/$9 4/99-6{09 7/99-9/99 @ai9/99 1/00-3/0 4/00-6/d0 7/00-9/p0 10/00-14/00
0-29999 634 31p 241 306 3p7 473 337 P38 D33 273
30000-44999 6p 119 45 41 B9 71 41 23 40 23
45000-59999 7B 9 48 158 D9 1160 75 97 96 135
60000-74999 636 719 386 1,142 1,207 D383 513 710 1,053 1,018
75000-89999 267 199 187 k2 409 75 86 123 223 113
90000-104999 17 18 16 |4 12 11 5 3 7 8
105000-119999 g 3 4 8 2 1 0 1 2 0
120000-134999 0 0 0 0 0 0 0 0 0 0
135000-149999 0 0 0 0 0 0 0 0 0 0
150000-164999 0 0 0 0 0 0 0 0 0 0
>165000 D D D 0 0 0 0
Table 6-6: Summary of multi-axle (6) load repetitims from SPS-2 section
Load range, Ibg Time interval
7/98-9/99 10/98-12/98 1/99-3/$9 4/99-6{09 7/99-9/99 @ai9/99 1/00-3/0 4/00-6/d0 7/00-9/p0 10/00-14/00
0-35999 7 b p L 11 13 8 2 7 2
36000-53999 5B 10 48 39 |5 D3 40 19 33 16
54000-71999 139 114 147 163 400 31 79 96 170 103
72000-89999 6666 833 450 6b7 d98 $60 115 325 1110 810
90000-107999 345 142 4 1B5 181 75 51 101 332 107
108000-125999 n 2 0 0 7 E 1 0 1 2
126000-143999 0 0 0 0 0 1 0 0 0 0
144000-161999 0 0 0 0 0 0 0 0 0 0
162000-179999 0 0 0 0 0 0 0 0 0 0
180000-197999 0 0 0 0 0 0 0 0 0 0
>198000 D D D 0 0 0 0
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Table 6-7: Summary of multi-axle (7) load repetitims from SPS-2 section

Load range, Ibg Time interval
7/98-9/99 10/98-12/98 1/99-3/99 4/99-6{99 7/99-9/99 2a12/99 1/00-3/09 4/00-6/d0 7/00-9/p0 10/00-13/00
0-41999 4 b 1 1 3 3 1 4 4
42000-62999 2B 6 0 1 29 18 D3 13 31 21
63000-83999 128 104 2 115 77 81 93 118 197 155
84000-104999 249 140 16 97 411 68 140 139 308 394
105000-125999 15 31 6 5 5 9 6 6 16 20
126000-146999 0 0 0 0 1 0 0 0 1 0
147000-167999 0 0 0 0 0 0 0 0 0 0
168000-188999 0 0 0 0 0 0 0 0 0 0
189000-209999 0 0 0 0 0 0 0 0 0 0
210000-230999 0 0 0 0 0 0 0 0 0 0
>231000 D D D 0 0 0 0
Table 6-8: Summary of multi-axle (8) load repetitims from SPS-2 section
Load range, Ibg Time interval
7/98-9/99 10/98-12/98 1/99-3/$9 4/99-6/99 7/99-9/99 2ar9/99 1/00-3/0p 4/00-6/d0 7/00-9/p0 10/00-14/00
0-47999 1 ] 1 b 10 2 12 4 6 2
48000-71999 3p 20 18 3 13 12 42 24 30 39
72000-95999 295 345 195 3B1 477 30 D93 293 416 419
96000-119999 248 251 1y4 406 437 81 199 331 391 252
120000-143999 3 11 9 8 H 2 3 8 17 6
144000-167999 D 2 0 0 0 0 0 0 0 0
168000-191999 0 0 0 0 0 0 0 0 0 0
192000-215999 0 0 0 0 0 0 0 0 0 0
216000-239999 0 0 0 0 0 0 0 0 0 0
240000-263999 0 0 0 0 0 0 0 0 0 0
>264000 D D D 0 0 0 0

6.3 Hourly Thermal Gradients

As a part of fatigue damage calculation, hourlyried gradients are generated through the use
of Enhanced Integrated Climatic Model (EICM). TheuHy thermal gradients are obtained for
four dense-graded aggregate base (DGAB) SPS-2os8sc(R6-0213 through 26-0216). The
details of these sections are as shown in Tableé&@v:

Table 6-9: Design features and material propertiefor the SPS-2 sections

Description 26-0213 26-0214 26-0215 26-0216
PCC thickness, in. 8 8.1 10.7 11.1
Base thickness, in. 6.1 5.8 6.2 5.9
Joint spacing, ft 15 15 15 15
Lateral support condition Widened larle AC shouldr FhGulder Widened lang
One-year modulus of rupture*, ps 915 1000 915 1000**
Design 14-day modulus of rupture, psi 550 900 550 900
k-value, psi/in. See Table 6-10

Remark: * Obtained from “SPS-2 Construction Rep{®&dil and Materials Engineering, Inc., 1995)
** Assumed equal to the modulus of rupture of st®6-0214, since this information is not availahble
the construction report
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Table 6-10: Seasonal backcalculated k-value obtaiddrom LTPP database (FHWA, 2001)

Month 26-0213 26-0214 26-0215 26-0216
January 248 300 254 267
February 203 215 244 221
March 203 215 244 221
April 203 215 244 221
May 158 130 235 174
June 158 130 235 174
July 158 130 235 174
August 203 215 244 221
September 203 215 244 221
October 203 215 244 221
November 248 300 254 267
Decembe 24¢ 30C 254 267

4.000

Figure 6-6 illustrates an example of hourly thergraldient distribution obtained from EICM.
The rest of hourly thermal gradient distributioms also available in Appendix K.

3.000

2.000

1.000

0.000

Thermal gradient, °Ffin.
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Military time

—e— 1998 —=— 1999 —— 2000

Figure 6-6: Hourly thermal gradients generated by ECM for 8-in. sections in September
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6.4 Mechanistic-Empirical Procedure for JCP - Examp le

Mechanistic-empirical design procedure for JCPegelon relationship between cumulative
damage and level of distress. For example, fatifgueage could be calculated using the NCHRP
1-37 A transfer function (Equation 6-6) based oe thagnitude of longitudinal stress at the
bottom of the slab corresponding to axle type, avdght, seasonal k-value and hourly thermal
gradient for each axle repetition over the analymsod, which could be obtained from the
catalog of stresses. This results in the allowahlenber of load repetitions at a specified
condition, N, in the Miner's hypothesis (Equatiorl)s Along with the number of axle
repetitions, n, which could be obtained through YN&V database or any available traffic
database, cumulative damage could be calculategl. sthematic of the process is shown in
Figure 6-7.

Inputs for condition
L, k1, mn

Y
Mechanistic response for
condition i, j, k, I, m, n from
the catalog of responses

Y
Performance transfe
function

-

WIM database

Y Y
Nij, k.| Mk

L, m,n I, m, n

Y
Cumulative Damage=>">">">">"»" [r\]lijldnh
i j k I m n

ijkirmn

Figure 6-7: Cumulative damage calculation process

The next step is to plot the computed cumulativenaige against distress (e.g. cracking). It is
widely believed that a cumulative damage of 1.@&ted to a failed pavement. On a plot of
cumulative damage versus distress, the cumulatareade of 1.0 may not match with the
cracking threshold established by the agency; hehee performance curve needs to be
calibrated. The calibration process is illustrate&igure 6-8. For example, Figures 6-9 and 6-10
illustrate an example characteristic fatigue cupeéore and after calibration process for 50%
slabs cracked considered as the rehabilitationedisievel.
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Percent slabs cracked

Figure 6-8: Calibration process for the relationshp between cumulative damage and distress
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Figure 6-9: Example characteristic fatigue curve bfore calibration process
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Figure 6-10: Example characteristic fatigue curve fter calibration process

The design process for faulting and spalling am® dased on cumulative damage concept.
However, the relationship between cumulative damage these distresses is expressed in
different forms from cracking. Based on NCHRP 1ATKhazanovich et al, 2004), the design
process for faulting and spalling could be sumnaatias follows:

Design of Faulting

Fault,, = > AFault, (6-7)
i=1

AFault, = C,, x (FAULTMAX , — Fault,_, )* x DE, (6-8)

FAULTMAX, = FAULTMAX, +C, x 3’ DE, xlog({1+ C, x 5.0 | (6-9)

j=1

Co
x |Og(1+ C5 % 5.0EROD )X |Og( P200 XVVetDayS]i| (6-10)

FAULTMAX, =C,, x4

curling

P

Where:

Fault, = mean joint faulting at the end of month m, in.

AFault = incremental change (monthly) in mean transvgise faulting during month i, in.
FAULTMAX; = maximum mean transverse joint faulting for mainth.

FAULTMAX o = initial maximum mean transverse joint faultiig,

EROD = base/subbase erodibility factor
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DE = differential elastic deformation energy
1
DE = E k- (WL +WU|_)'(W|_ _WUL)

k = modulus of subgrade reaction, kPa/mm
W, = deflection of loaded slab, mm
Wy, = deflection of unloaded slab, mm
Scurling = Maximum mean monthly slab corner upward defdecBCC due to temperature curling
and moisture warping
Ps = overburden on subgrade, Ib.
Poo0 = percent subgrade material passing #200 sieve
WetDays = average annual number of wet days (gréaa 0.1 in. rainfall)
C, through Gand G, Gz, are calibration constants:
Cpo= C1+C2*FRO'25
Cas = Ca+C4FR*%
C:=1.29,G=1.1, G=0.0001725, €= 0.0008, =250, =0.4,G=1.2
FR = base freezing index defined as percentagenwd the top base temperature is below
freezing (32F) temperature

Design of Spalling

AGE 100
PALL = { AGE + o.oJ ' L+ 1.0051“@“0”} (6-11)

Where:
SPALL = percentage joints spalled (medium- and ‘sgbherities)
AGE = pavement age since construction, years
SCF = scaling factor based on site-, design-, &nthte-related variables
SCF =-1400+350- AIR%- (05+ PREFORM) + 34- f'.-04
— 02(FTCYC- AGE)+43-h... —536-WC _ Ratio
AIR% = PCC air content, percent
PREFORM = 1 if preformed sealant is present; ®if n
f . = PCC compressive strength, psi
FTCYC = average annual number of freeze-thaw cycles

hpcc= PCC slab thickness, in.
WC_Ratio = PCC water/cement ratio

Seven illustrative examples to demonstrate theutaion process for fatigue damage, faulting

damage and spalling damage are presented. Releyans and details, including calculation
results for these examples are summarized in Tk
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Table 6-11: Summary of illustrative examples

Exampl

Type of Damage

Fatigug Faulting Spallin

Inputs
g

Results

Remarks

X

10-in. slab thickness,
aggregate base, 100-psi
roadbed, 177-in. joint spacing,
ft lane with tied PCC shouldd
positive thermal gradient of
°Ffin., i) 18-kips single axle, 3
kips tandem axle and 39-k
tridem axle

16-|illowable number

of ax
nepetitions: 3.81 million f
gingle axle, 0.83 million fi
tandem axle and 8.24 milli
Br tridem axle

p-

ps

H-atigue damage dpe
to different axl
configurations

n

®

Same as Example 1 but with i) ]
ft lane with untied AC should
and ii) 14-ft lane with untied A
shoulder and only under 39-k
tridem axle

Allowable number of ax
prepetitions: 0.87 million fod2
it lane with untied A(
lsbioulder and 3.07 million f
14-ft lane with untied A
shoulder

H-atigue damage dpe
to different laterg
Isupport conditions

=

Same as Example 1 but with 8
11 and 12-in. slab thickness 4
only under 32-kips tandem axle

Allowable number of ax
repetitions: 0.056 million foB

in. slab

in. slab, 0.193 million for 9-inthickness
slab, 4.60 million for 11-ir.
slab and 32.53 million for 1P

H-atigue damage dpe
to different slap

p-

Same as Example 1 but cons
typical traffic spectra and clima
conditions in Michigan

[(Rredicted faulting at the erdf]
i20-years period: 0.1671 in.

Transverse
faulting
calculation

joimt
damag{e

Same as Example 4 but with i) 1
in. dowel dia. at 12 in. spacing,
1.25-in. dowel dia. at 18 i
spacing, iii) 1.5-in. dowel dia. at
in. spacing

Bredicted faulting at the erdf]
jDO-years period: 0.0935 in.

spacing, 0.1682 in. for 1.25-
dowel dia. at 18 in. spacir]
0.0941 in. for 1.5-in. dow
dia. at 18 in. spacing

t
ulting damage dye
[1.5-in. dowel dia. at 12 i different  join

Transverse joi

inlesigns
0,

bl

Same as Example 4 but with |g

treated base (ATB)

&nedicted faulting at the eruf]

LCB and 0.1280 in. for ATB

Transverse

to different

joimt
concrete base (LCB) and aspha@i-years period: 0.1066 in. féaulting damage dS]f
ba:

types

3% air content, no preform
sealant, 2,000-psi concr
compressive  strength, aver
freeze thaw cycles per year of 2
8-in. slab and 0.45 water/cem

ratio

Heredicted percent slabs spa

B
b0,
PNt

[Echnsverse joimt

bae the end of 20-years perigspalling damage

lllustrative Example 1 (fatigue damage due to different axle configuragjo

Analyze the number of load repetitions of 18-kipgye axle, 32-kips tandem axle, and 39-kips
tridem axle that could be carried at daytime thérgnadient of 2°F/in. by a pavement system
with the following features:

e 10-in. slab thickness,

e 16-in. aggregate base,

e 100-psi/in. roadbed soil,
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177-in. joint spacing,

12-ft lane,

tied PCC shoulder,

and 1.25-in. dowel diameter at 12 in. center tderespacing.

Note that the concrete coefficient of thermal exgi@m and 28-day modulus of rupture were
found to be 5 in./in%F and 550 psi, respectively.

From the catalog of stresses in Appendix |, the mitages of the longitudinal stresses at the
bottom of the PCC slab are:

For 18-kips single axle: 219.2 psi
For 32-kips tandem axle: 230.3 psi
For 39-kips tridem axle: 198.0 psi

The stress ratios for the three axle configuratemescalculated as follows:

For 18-kips single axIeR g« singe ae = % =0.399
For 32-kips tandem axleRy, ¢ wndemaxie = % =0.419
For 39-kips tridem axleRsq s yidemaxie = % = 0.360

Considering the performance transfer function inaggn (6-6), the number of load repetitions
of 18-kips single axle, 32-kips tandem axle andki®@-tridem axle that could be carried for the
given conditions could be analyzed as follows:

Recall thatLog, N = 2- R"2 + 0.43710r N = 1072R 0437
For 18-kips Single axIeNyg,p. snge ae = 10PC%9 047 = 381 million cycles

_ 10200494047 _ 167 mjllion cycles

—-122

For 32-kips tandem axle\l

32-kips tandemaxle

For 39-kips tridem axleN — 102030 #0457 _ 5471 million cycles

39-kips tridem axle)

However, the number of repetitions needed to adcfmurthe number of repetitions within each
axle group. For example, each tandem and tridemn r@slults in peak stress level two and three
times, respectively. The number of repetitionsdach axle could be adjusted as follows:

N
numberof repetitiors within eachaxle

For 18-kips single axleN,g . ingie axe = %ﬂz 381 million cycles

Adjusted number of repetitiond| ; ¢oq =
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For 32-kips tandem axleNl s, . wandemaxie = % = 083 million cycles

2471

For 39-kips tridem axleN ——— =824 million cycles

39-kips tridem axle) =

Figure 6-11 illustrates the number of allowableeténs and the weight of each axle. It can be
seen that the pavement could carry more repetindB89-kips tridem axle, when compared with
the others. The more number of wheels in an axdeae the level of stress and consequently
increase the number of allowable repetition.

With the use of WIM database, the actual numbdoadl repetitions, n, could be additionally
applied to the allowable number of repetitions, tbl,compute the damage, n/N. Then, the
summation of the damage over conditions, i, j, kpJand n will provide cumulative damage as
described in Figure 6-7. With availability of pavem performance data (percent slabs cracked
for this case), the cumulative damage could begaloagainst the performance data. After that,
calibration process is required to match the cutivdadamage of one with the rehabilitation
distress level, illustrated in Figure 6-8.

100 45

Allowable repetitions, millions

Single axle Tandem axle Tridem axle

mE Number or repetitions-+— Axle weight

Figure 6-11: Comparison of results for Example 1

lllustrative Example 2 (fatigue damage due to different lateral supponditions)

Analyze the number of load repetitions of 39-kipdem axle that could be carried at daytime
thermal gradient of 2F/in. by pavement systems in Example 1 but witHtdane with untied
AC shoulder and 14-ft lane with untied AC shoulder.
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From the catalog of stresses in Appendix |, the mitades of the longitudinal stresses at the
bottom of the PCC slab are:

For 12-ft lane with untied AC shoulder: 224.1 psi
For 14-ft lane with untied AC shoulder: 208.6 psi

The stress ratios for the two lateral support dios are calculated as follows:

For 12-ft lane with untied AC ShouldeR,, ;, i.newith unitedAc shoulder = 252—54C1 = 0.407
. , 208.6
For 14-ft lane with untied AC shouldeR, ,  .anewith untiedAC shouder = ooc - 0.379

Considering the performance transfer function inaggn (6-6), the number of load repetitions
of 39-kips tridem axle that could be carried foe thiven conditions could be analyzed as
follows:

Recall thatLog,,N = 2-R*** + 0.4371or N = 10z 0371
For 12-ft lane with untied AC shoulder:

N1 t lanewith unitedAC shoulder = 10[2'(0'407)712&0'437]] = 262 million cycles
For 14-ft lane with untied AC shoulder:

—122 . .
N14—ft lanewith united AC shoulder — 10[2-(0.379) +O.437]] = 921 mlllon CyC|eS

However, the number of repetitions needed to adcfmuirthe number of repetitions within each
axle group. The number of repetitions for each arldd be adjusted as follows:

N
numberof repetitiors within eachaxle

Adjusted number of repetition® ;e =

For 12-ft lane with untied AC shoulder:

262 -
N12—ft lanewith united AC shoulder — T = 087 million CyCIes

For 14-ft lane with untied AC shoulder:

921 -
Nl4—ft lanewith united AC shoulder — T = 307 million CyC|eS

Figure 6-12 illustrates the number of allowableeté@mns for each lateral support condition,
including the 12-ft lane with tied PCC shouldernfrcExample 1. It can be seen that the
pavement with 12-ft lane with tied PCC shoulderldaiarry more repetitions of 39-kips tridem

axle, when compared with the others. For the unfi€shoulder pavements, the 14-ft lane
pavement could carry more load repetitions tharilthét pavement. The two-foot shifting of the

wheel path away from the edge creates the pseteéeinloading condition for the 14-ft lane

pavement and consequently reduces the level afsstre
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100

Allowable repetitions, millions

0.1
12-ft lane with PCC 12-ft lane with AC 14-ft lane with AC
shoulder shoulder shoulder

Figure 6-12: Comparison of results for Example 2

lllustrative Example 3 (fatigue damage due to different slab thickness)

Analyze the number of load repetitions of 32-kipsdem axle that could be carried at daytime
thermal gradient of 2F/in. by pavement systems in Example 1 but wit,8,1, and 12-in. PCC
slab.

From the catalog of stresses in Appendix |, the mitades of the longitudinal stresses at the
bottom of the PCC slab are:

For 8-in. slab: 277.2 psi
For 9-in. slab: 253.3 psi
For 11-in. slab: 208.6 psi
For 12-in. slab: 188.7 psi

The stress ratios for the four slab thicknessesamilated as follows:

For 8-in. slabR;;, = 2712 _ 0.504
-~ 55C
For 9-in. slab'R,,, = 2533 _ 0.461
- 55C
For 11-in. slabR ,,, = 2086 _ 0.379
- 55C
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For 12-in. slabR,,,, = 1887 _ 0.343

55C

Considering the performance transfer function inagign (6-6), the number of load repetitions
of 39-kips tridem axle that could be carried foe thiven conditions could be analyzed as
follows:

Recall thatLog, N = 2- R"2 + 0.43710r N = 102R 047

For 8-in. slabiN,,, =102% 047 _ 0112 million cycles
For 9-in. slabiN,,, =107+ 047 _ 0387 million cycles
For 11-in. slab:N,, . _ 1020037977

For 12-in. slab:N,,,, = 10039057l _ g5 05 njllion cycles

0437 _ 921 pillion cycles

However, the number of repetitions needed to adcfmuirthe number of repetitions within each
axle group. The number of repetitions for each arldd be adjusted as follows:

N
numberof repetitiors within eachaxle

Adjusted number of repetition® ;e =

0112

For 8-in. slab:Ng,, = =0.056 million cycles

For 9-in. slab:Ng,, = %87 =0.193 million cycles

For 11-in. slab:N,, ;. :9'721: 460 million cycles

For 12-in. slab:N,,;, = £205 =3253 million cycles

Figure 6-13 illustrates the number of allowableetémns for each slab thickness, including the
10-in. slab from Example 1. The number of allowdblad repetitions is very sensitive to the
slab thickness. It can be seen that load carryapacity of the pavement is logarithmically
related to the slab thickness as a linear relatipnsould be observed on a semi-logarithmic plot.
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Figure 6-13: Comparison of results for Example 3

lllustrative Example 4 (faulting damage)

Analyze the joint faulting of pavement systems xample 1 at the end of a design period of 20
years.

Figure 6-14: Overview of analysis of joint faultingfor Example 4

The analysis joint faulting damage involves thecgkition of differential elastic deformation
energy, which is a function of slab corner defl@es obtained from FE analysis with loading at
the transverse joint, e.g. 18-kips single axlehasw® in Figure 6-14.
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Figure 6-15: Slab deflection results for Example 4

From the results shown in Figure 6-15, the slalled#bns on both loaded and unloaded sides at
the corners of the slabs could be obtained asvstio

Unloaded deflection\, = 0.013797in. = 0.35044mm
Loaded deflectionyv, = 0.017627in.= 0.44773mm

For the given modulus of subgrade reaction (100rpsor 27.145 kPa/mm), the differential
elastic deformation energy could be calculatecHsvirs:

Differential elastic deformation energpE :%- k- (W +W ) (W, =W, )

DE = % -(27.145)-(0.44773+ 0.35044)-(0.44773- 0.35044) = 1.053871kPa - mm

If a typical load spectrum and a typical climatmndition for Michigan are assumed for this
example, the faulting calculation could be conddatsing Equations 6-7 through 6-10. It should
be noted that an erodibility index of 3 (erosiosistant) is assumed for this example.

The predicted faulting is illustrated in Figure 6-The predicted faulting is 0.1671 in. at the end
of the design period.
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Figure 6-16: Predicted faulting for Example 4

lllustrative Example 5 (faulting damage due to different joint designs)

Repeat Example 4 but with three of the followirgngverse joint designs:
e 1.5-in. dowel diameter at 12 in. center to cenpaicsg,
e 1.25-in. dowel diameter at 18 in. center to cegparcing and
e 1.5-in. dowel diameter at 18 in. center to cenpacg.

Figure 6-17 illustrates the differential elastidatenation energy for the three joint designs as
well as the joint design from Example 4 at the ehthe design period of 20 years. It can be seen
that the increase in the dowel diameter size reisula decrease in the differential elastic
deformation energy, while dowel spacing has onlghslimpact on the differential elastic
deformation energy. The predicted faulting is tifated in Figure 6-18.

It is important to note that the variation in tleenf design directly affects the slab deflections o
both loaded and unloaded sides and consequentlyifteeential elastic deformation energy. As
illustrated in Figure 6-19, the decrease in théedehtial elastic deformation energy results in
reduced faulting magnitudes.
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Figure 6-17: Differential elastic deformation energ for Example 5
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Figure 6-18: Predicted faultings for Example 5
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Figure 6-19: Predicted faultings and differential éastic deformation energy at the end of 20 years

lllustrative Example 6 (faulting damage due to different base types)

Repeat Example 4 but with lean concrete base i@lastdulus of 2,000,000 psi, Poisson’s ratio
of 0.15 and erodibility index of 1 or “extremelysistant”) and asphalt treated base (elastic
modulus of 300,000 psi, Poisson’s ratio of 0.30 anadibility index of 2 or “very erosion
resistant”). Then, also compare the results witargple 4, which is an aggregate base section.

Figure 6-20 illustrates the differential elastidatenation energy for the three base types. The
differential elastic deformation energies for adlsk types were observed to be approximately
equal. However, differential elastic deformatiorrgy is not only a function of slab deflections,
but also a function of modulus of subgrade reactiorthis case, the three pavement systems
have different values of modulus of subgrade reactlherefore, the ratio of differential elastic
deformation energy to modulus of subgrade reactioia/k, is illustrated in Figure 6-21 to
eliminate the impact of modulus of subgrade reacdind focus on the slab deflections.

Predicted faulting for the three pavement systesribustrated in Figure 6-22. It can be seen in

Figure 6-23 that the level of the predicted fagjtiat the end of 20 years of design period
corresponds to the ratio DE/K.
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Figure 6-20: Differential elastic deformation energ for Example 6
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lllustrative Example 7 (spalling damage)

Analyze percentage of joints spalled at the en@®fyears of design period for a pavement
system with 3% air content, no preformed seala®Q@psi compressive strength, an average of
250 freeze thaw cycles per year, 8-in. slab, afl @ater/cement ratio.

Scaling factor can be computed based on the giiermation as follows:

SCF =-1400+350- AIR%- (05+ PREFORM) + 34- f'_-04
— 02(FTCYC- AGE)+43-h... —536-WC _ Ratio
SCF = -1400+ 350 (3)- (05+ 0) + 34-(2,000)- 04
—0.2(250- 20)+ 43-8—536-(045)
= 9478

Percentage joints spalled can be compute as follow:

AGE 100
SPALL = .
|: AGE + OO]] |:1+ 1.005_12 AGE+3:F):|

20 100
PALL = {20+ 0.01} ' {1+ 1.00&12*2‘“47-8)} = 3%
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Chapter VII

SUMMARY OF FINDINGS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

7.1 Summary of Findings

The primary objective of this research study wasdoduct a preliminary parametric study to
investigate the impact of the interaction betwetactural, environmental, and load factors on
pavement responses using ISLAB2000 structural modibls was accomplished through
performing structural analysis of 43,092 input camakbions and the use of interpolation scheme.
The secondary objective is to develop a technotomysfer package that will introduce the rigid
pavement analysis tools to the MDOT pavement eegsmelemonstrate the versatility of the
rigid pavement analysis tool and summarize a war@t pavement design scenarios in a
workbook for the MDOT pavement engineers. An elab®tutorial for the use of ISLAB2000
program and several step-by-step examples werededlin the technology transfer package to
fulfill this objective. The package should enabiwieeers to apply the ISLAB2000 program to
analyze JCP systems. In addition, several MDOTgussivere selected as practice problems, for
which the key answers were also provided.

The analysis results of this study lead to sevimdings, which can be categorized into three
groups: robustness and user friendliness of theAB2000 program, parametric study results
and interpolation scheme.

Findings Related to Robustness and User Friendliness of the ISLRB0OO Program

e The ISLAB2000 program is robust and user friendlyhe results from the ISLAB2000
structural model compare well with the Westergasanidtions (after considering the relevant
assumptions) and other widely accepted FE struatuvdels.

e The variations of stresses and deflections obtafrad the ISLAB2000 structural model,
when using mesh size of 12 in., were found to mibh% and 3%, respectively.

Findings Related to Parametric Study Results

e The critical load location is influenced by joirgaging and truck or axle configuration. The
fractional factorial analysis indicated that théical load location is not influenced by slab
thickness, base/subbase thickness, modulus of addgeaction, lateral support condition,
and thermal gradient or thermal strain gradient.

e For a flat slab condition, when the slab thickngsanges from 9 to 12 in. the resulting stress
is reduced by approximately in about 35% lowersstes. For a constant thermal gradient,
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pavements constructed with different slab thickriesge different temperature differentials,
and therefore, the pavement responses could nmirbpared.

For a flat slab condition, pavement cross-sectisitis thicker base/subbase thickness (from
4 to 26 in.) resulted in about 5-30% lower stresmad as the slab thickness increases the
impact of base/subbase thickness becomes lesficaghi

Pavements constructed with 27 feet joint spacisglted in about 33% higher longitudinal
stresses as compared to pavements constructedl&ithet joint spacing for curled slab
conditions at a thermal strain gradient value 0®x40° in.>. The severity depends on the
level of thermal curling or thermal strain gradient

For the load located along the wheel path (appratefy 20" from the traffic stripe),
pavements constructed with PCC shoulders resuligtie lowest stresses among the three
lateral support conditions (12’ lane with tied P€iulders, 12’ lane with AC shoulders and
14’ lane with AC shoulders) that are considerethm study. Although the pavements were
constructed with the same AC shoulder, the mage#udf longitudinal stresses for
pavements with 12-ft lane (standard lane) weredrigfiian that for pavements with 14-ft lane
(widened lane). As the wheel path shifted 2 ft twsathe centerline for pavements with
widened lane, a pseudo-interior loading conditiaswreated, resulting in the reduction of
stresses from edge loading. Pavements construdtedA& shoulders (12-ft lane with AC
shoulder) resulted in about 13% and 9% higher todgial stress values than pavements
constructed with PCC shoulder (12-ft lane with #&@C shoulder) and widened lane (14-ft
lane with untied AC shoulder), respectively.

Lateral wander (or lateral placement) of traffiadoresulted in about 10% and 30% higher
edge stresses as the load moves from the wheetqwadinds longitudinal joint (lane/shoulder
joint) for tied PCC shoulder and AC shoulder, resipely.

Findings Related to Interpolation Scheme

In the validation process considering all axle sypthe bias (average error), variance, and
mean square of errors (MSE) of the best schemeifseH6) were 0.51 psi, 8.63 Hsand
8.89 psf, respectively, indicating that the interpolatiocheme was highly accurate and
precise in computing pavement response as compatiedhe results directly obtained from
the ISLAB2000 program.

If only single, tandem and tridem axles were com®d, the bias, variance and MSE of the
best scheme were found to be 0.02 psi, 3.38 sl 3.38 p$j respectively.
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7.2 Recommendations for Future Research

This research study focuses on pavement responsksseveral factors that affect them.

Although pavement response plays a significantirotke mechanistic-empirical design process,
it is necessary to integrate the pavement respoitseseveral other components in order for it to
become practical. Pavement responses need to bleamseputs to transfer function, which

relate responses to performance. However, theférafisiction coefficients need to be localized
and therefore it is important to ensure the constagflect climatic and loading conditions in

Michigan. Calibration process also needs to takeeplto ensure MDOT policies are met in the
calculation process. The following research topiesrecommended:

1) The CTE values for concrete mixes and also @ggee(as concrete making material) used in
paving Michigan roads need to be determined aralaged, since CTE plays a critical role
in the thermal analysis of jointed concrete pavdsiefhe slab movement and joint opening
are also influenced by the CTE of concrete.

2) An extensive traffic database, e.g. WIM datapakeuld be made available for the pavement
network as hourly axle spectra is a key input famdge computations. The hourly axle
spectra allow for calculation of pavement resportbes account for daily and seasonal
conditions of climate, roadbed and material. Thie agpetitions from the axle spectra and
the corresponding pavement responses are the itgotits cumulative damage calculation.

3) Develop and calibrate transfer functions for kewyted concrete pavement distresses that
reflect Michigan practice. The process involvestistigal correlation of the cumulative
damages to the measured distresses correspondihg tome periods to obtain a calibrated
model that can be used for Michigan jointed cormcpetvement design.
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